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Abstract 
The damage tolerance approach has been used in the design of light structures in the 
transport sector since the early 1970’s.  It refers to the ability of a structure to withstand 
damage and therefore understanding and predicting the behavior of a damaged structure is the 
basis for successful implementation of this design philosophy.  
In aeronautics industry, airframes are primarily made of riveted Al-alloy panels, with a 
skin and stringer configuration. The requirement for reducing manufacturing and operational 
costs has lead aerospace industries to look for new, attractive ways to substitute conventional 
riveting techniques in airframes. Towards this direction, advanced welding technologies such 
as friction stir and laser beam welding are a promising solution.  
In welded structures, damage tolerance assessment is a difficult problem due to the 
variation of material characteristics in the weld region. The simultaneous presence of a 
modified due to welding microstructure and weld residual stresses influences the behavior of 
a propagating crack. For this reason, simulation tools for assessment of crack growth in a 
welded joint, demand a careful examination of the mechanisms controlling crack propagation. 
In the present thesis, the effects of weld microstructure and weld residual stresses on fatigue 
crack propagation in a 2024 T3 friction stir weld have been assessed experimentally and 
analytically. To investigate the effect of weld microstructure on fatigue crack growth, the 
microstructure in the heat affected zone (HAZ) was simulated in parent material using a 
special heat treatment method. Fatigue crack growth rate was experimentally determined in 
the HAZ simulated material and in the friction stir weld (FSW) by means of fatigue crack 
growth tests.  
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In the analytical part, a model was developed to predict mode I fatigue crack growth 
perpendicular to the friction stir weld line. The model takes into account the independent 
influences of weld microstructure and residual stresses on fatigue crack propagation. 
Comparison of analytical results to experimental data showed that the model is suitable for 
predicting the rate of a growing crack in a friction stir weld under mode I loading. 
From the present investigation, additional knowledge is extracted concerning the basic 
mechanisms that contribute to fatigue crack propagation in a friction stir weld region. 
Furthermore, an analytical tool is proposed for the evaluation of the remaining fatigue life of a 
cracked friction stir welded aluminum panel.  
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Nomenclature 
 A25  elongation at fracture 
α  crack length 
c   fatigue ductility exponent 
D   parameter of Paris equation 
dα/dN  fatigue crack growth rate 
dW/dN  strain energy contained in a unit material volume 
(dW/dN)max  maximum strain energy density 
(dW/dN)min  minimum strain energy density 
E   Young’s modulus 
H   strength coefficient 
H΄   cyclic strength coefficient 
Hv0.2  Vicker’s hardness (applied force 200gr) 
Kc  fracture toughness 
Kcr  critical stress intensity factor 
Kmax,app maximum applied stress intensity factor 
Kmin,app  minimum applied stress intensity factor 
Kmax,total maximum stress intensity factor derived from superposition of external stresses 
and residual stresses 
Kmin,total minimum stress intensity factor derived from superposition of external stresses 
and residual stresses 
Κop    stress intensity factor corresponding to Pop 
Kres  residual stress intensity factor 
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m   Paris equation exponent 
N  number of cycles 
Nf   fatigue life 
Nini  phase (number of cycles) for fatigue crack initiation 
Nhardening phase (number of cycles) for cyclic hardening 
Nsat  phase (number of cycles) for maximum cyclic stress saturation  
n   strain hardening exponent 
n΄   cyclic strain hardening exponent 
P  force 
Pop   crack opening load 
Pmax   maximum applied load 
R  stress/strain ratio 
Reff  effective stress ratio 
r  radial distance from crack tip used in SED criterion 
rc  critical radial distance from crack tip (at fracture) used in SED criterion 
rcy  cyclic plastic zone size 
ry  monotonic plastic zone size 
S  strain energy density factor 
Sc  critical strain energy density factor 
Smin  minimum strain energy density factor 
Vr  tool rotation speed 
Vf  welding speed 
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Wf critical amount of energy accumulated in a material after a finite number of 
loading cycles 
ΔN  critical number of cycles for failure of material element 
Δr  width of material element at the crack tip subjected to low cycle fatigue 
ΔΚ   stress intensity factor range 
ΔΚapp   applied stress intensity factor range 
ΔΚeff   effective stress intensity factor range 
ΔΚth   stress intensity threshold 
ΔW  absorbed plastic strain energy per cycle 
Δα  crack growth increment 
Δεpm  mean plastic strain range 
Δεp   plastic strain range 
Δσ   stress range 
εp,α   plastic strain amplitude 
εf΄   fatigue ductility coefficient 
θ  nuting angle 
μ  shear modulus of elasticity 
v  Poisson ratio 
σc   critical stress for onset of crack extension 
σA   stress amplitude 
σy0.2   yield strength (offset 0.2%) 
σc0.2   cyclic yield strength (offset 0.2%) 
σmax   maximum stress 
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σmin   minimum stress 
σp   tensile peak stress 
σyres(x)  longitudinal residual stress (y-direction) at a position x with regard to the weld 
line 
σUTS   tensile strength 
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Chapter 1: Introduction         
1.1 Description of the technological problem 
The demand for reduction of weight and production costs in the transport sector has led to 
re-examination of techniques used for manufacturing of components. In aircraft structural 
design, a promising solution in this direction is to replace riveted components with large 
structural elements manufactured as integral structures. In the frame of this concept, 
implementation of advanced welding technologies in both military and commercial airplanes 
combined with high-strength aluminum alloys with improved damage tolerance performance, 
has received significant attention (Figure 1.1). Apart from the attractive mechanical 
properties, welded integral structures can offer a cost saving of up to 60% over built-up 
(differential) structures.  
 
 
Figure 1.1 Riveted vs Integral structures [1]. 
 
Advanced welding techniques such as laser beam welding (LBW) and friction stir welding 
(FSW) are used in various civilian aircraft structures [2, 3]. The LBW process is currently 
used for skin-stringer joints (T-joints) and FSW for skin-skin joints (butt joints), but their 
application is restricted to the compression dominated lower part of the fuselage. Extending 
the level of technological implementation to more critical, tension dominated sections of the 
metallic airframes, requires a better understanding of the fatigue and damage tolerance 
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behavior of the welded structure.  
The damage tolerant design philosophy is based on the ability of a structure to sustain 
defects safely until a repair procedure can be performed. In engineering design, the approach 
of damage tolerance is based on the assumption that flaws exist in any structure and may 
propagate under operational loads. Damage tolerant design is used extensively in aircraft 
construction and is mandatory for large civil aircrafts [4]. A maintenance program is 
implemented that results in the detection and repair of damage, in the form of corrosion and 
fatigue cracking, before such damage reduces the residual strength of the structure below an 
acceptable limit.  
In welded structures, the distribution of defect sizes, inhomogeneous microstructure and 
residual stresses arising from the weld process, influence fatigue crack propagation, a problem 
that has to be considered in design. A reliable damage tolerance analysis requires knowledge 
on how parameters like weld residual stresses and microstructural variations influence the rate 
of a propagating fatigue crack (Figure 1.2).  
 
Figure 1.2 Parameters influencing mode I fatigue crack propagation in weld region  
(a) residual stresses, (b) microstructural variations 
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1.2 Scope of the present work 
In the present work the problem of a crack propagating perpendicular to a FSW under 
mode I loading has been investigated experimentally and analytically. In the analysis, the 
effects of microstructural variations and weld residual stresses on fatigue crack growth have 
been independently studied and the weight of each influence on crack growth rate has been 
assessed. To investigate the influence of weld microstructure on the propagating crack, a 
special heat treatment method was developed to simulate the heat affected zone (HAZ) 
microstructure of the weld region (Figure 1.3) in parent 2024 T3 material. With the 
implemented heat treatment process, overaged 2024 aluminum alloy was produced with 
microstructural characteristics and local property variation similar to the HAZ.  
 
 
Figure 1.3 Methodology used for the simulation of HAZ microstructure in parent 2024 T3 
aluminum alloy. 
 
Two conditions of overaged 2024 alloy were investigated, one with uniform strength to 
assess the influence of overaging on the material mechanical properties, and one with strength 
gradient, which is a more accurate simulation of the local property variation in the HAZ. The 
mechanical performance and fracture behavior of the weld and heat treated material were 
assessed by means of tensile, fracture toughness and fatigue crack growth tests. Additionally, 
fractography was performed to examine the change of fracture characteristics due to 
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overaging of the material. Special attention was paid to the modifications in strain hardening 
characteristics, due to overaging treatment. The cyclic strain hardening behavior was 
investigated with strain controlled cyclic tests and was used in the analysis to explain the 
dissimilar FCG performance between parent and overaged material. Finally, microhardness 
measurements in the cross-section of the weld and residual stress measurements perpendicular 
to the FSW line were conducted. 
In the analytical part of the work, a model was developed to predict FCG rate under mode 
I loading in the FSW. The model takes into account the effects of weld microstructure and 
weld residual stresses on fatigue crack propagation. It is assumed that crack growth occurs 
incrementally by damage accumulation. The critical energy for incremental crack growth is 
determined using the strain energy density (SED) criterion. For prediction of fatigue crack 
growth the cyclic properties of the overaged material are used. In the model the weld residual 
stresses are accounted for with the method of the superposition approach. The analytical 
simulations have been compared to experimental results in FSW 2024 T3 aluminum alloy. 
A schematic representation of methodology used in the thesis is shown in Figure 1.4.  
  
 
Figure 1.4 Methodology used in the thesis. 
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1.3 Layout of the dissertation 
The dissertation is developed in 7 Chapters. In Chapter 1 the description of the 
technological problem and the necessity of the investigation are presented. In Chapter 2 
relevant literature review is performed, which is focused on microstructural characteristics of 
FSW, basic mechanisms that influence stage II fatigue crack growth and existing models for 
the fatigue crack growth simulation. In Chapters 3 and 4 the experimental methodology and 
results are presented and analyzed. They include friction stir welding of 2024 T3 aluminum 
alloy sheets, metallographic characterization, microhardness measurements in the weld 
region, determination of the profile of residual stresses and mechanical testing in the weld 
material (tensile tests, FCG tests, LCF tests and fracture toughness tests). Specific attention is 
paid on the heat treatment method used for the simulation of HAZ microstructure. In Chapter 
5 the analytical model for fatigue crack growth assessment in the weld region is developed. 
The parts that include (i) the effect of varying microstructure and (ii) the effect of weld 
residual stresses on fatigue crack growth are analyzed separately in two different sections. In 
Chapter 6 the analytical results are presented and evaluation of the model is performed using 
experimental results from Chapter 4. Finally, in Chapter 7 the conclusions of the present 
work and recommendations for further study are presented.  
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Chapter 2: Friction Stir Welding in aluminum alloys and 
intermediate fatigue crack growth 
In this chapter the basic principles of FSW process are presented and a literature review 
on the basic mechanisms influencing fatigue crack propagation behavior is performed. 
Specific attention is paid to parameters influencing intermediate fatigue crack growth and 
contribute to crack closure. The basic models for simulation of constant amplitude fatigue 
crack growth are presented and the important scientific investigations examining fatigue crack 
growth in aluminum FSW are discussed. 
  
2.1 Friction Stir Welding 
Friction stir welding (FSW) was invented by Wayne Thomas at TWI Ltd in 1991. It is a 
patented process [5], and over 114 organizations have been granted licenses to use it. It has a 
broad industrial implementation, such as shipbuilding, marine, railway, land transportation 
and in aerospace it is used for the joining of aluminum alloy components.  
Friction stir welding uses a non-consumable rotating tool (Figure 2.1a), which moves 
along the joint between two components to produce high-quality butt or lap welds. The FSW 
tool generally has a profiled pin and a shoulder with a larger diameter than that of the pin. The 
pin length is similar to the required weld depth.  The pin passes through the joint line while 
the shoulder is in contact with the top surface of the work-piece to avoid expelling of softened 
material and provide consolidation. 
In contrast to the traditional fusion-welding technologies, FSW is a solid-state metal 
joining process, which is generally employed in applications where the original material 
microstructure/properties must be maintained after joining. The advantages of FSW result 
from the fact that the welding process takes place in the solid phase, below the melting point 
of the materials to be welded. The benefits include the ability to join materials that are 
difficult to weld by fusion, for example 2xxx and 7xxx aluminum alloys, magnesium and 
copper. Friction stir welding can use purpose-design equipment or modified existing machine 
tool technology. With regard to the traditional fusion-welding technologies, FSW offers a 
number of advantages such as: (a) good mechanical properties in the as-welded condition, (b) 
improved safety due to the absence of toxic fumes or the spatter of molten material, (c) no 
consumables such as the filler metal or gas shield are required, (d) ease of process 
automation, (e) ability to operate in all positions (horizontal, vertical, overhead, orbital, etc.) 
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as there is no weld pool, and (f) low environmental impact. However, some disadvantages of 
the FSW process have also been identified such as: (a) an existing hole is left after the tool is 
withdrawn from the work-piece, (b) relatively large tool press-down and plates-clamping 
forces are required, (c) lower flexibility of the process with respect to variable thickness and 
non-linear welds, and (d) it is often associated with lower welding rates than conventional 
fusion-welding techniques, although this shortcoming is somewhat lessened since fewer 
welding passes are required. 
Various thermo-mechanical processes such as friction-energy dissipation, plastic 
deformation and the associated heat dissipation, material transport/flow, dynamic 
recrystallization, local cooling, etc., and their complex interaction play a critical role in the 
FSW process [6-16]. Metallographic examinations of the FSW joints typically reveal the 
existence of the following four zones, (Figure 2.1b):  
(a) An uneffected zone referred to as base metal (BM), which is far from the weld so that 
material microstructure/properties are not altered by the joining process. 
(b) The heat-affected zone (HAZ), in which material microstructure/properties are 
affected only by the thermal effects associated with FSW. In heat treatable aluminum alloys, 
the HAZ is characterized by overaging conditions (coarsening of metastable phases), resulting 
in degradation of mechanical properties. While this zone is normally found in the case of 
fusion welds, the nature of the microstructural changes may be different in the FSW case due 
to generally lower temperatures. 
(c) The thermo-mechanically affected zone (TMAZ), which is located closer than the 
HAZ to the weld center. Both the thermal (temperature gradients) and the mechanical aspects 
(plastic deformation due to stiring) of FSW affect the material microstructure/properties in 
this zone. The original grains may have undergone severe plastic deformation. 
(d) The weld nugget which is the innermost zone of an FSW joint. As a result of the way 
the material is transported from the regions ahead of the tool to the wake regions behind the 
tool, this zone typically contains the so-called ‘onion-ring’ features. The material in this 
region has been subjected to severe conditions of plastic deformation and high temperature 
exposure and consequently contains a very fine dynamically recrystallized microstructure. 
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(a) 
 
(b) 
Figure 2.1 (a) Friction stir welding principle and (b) FSW microstructural zones 
(Metallographic analysis of a FSW 5083-H111 AA [17]). 
 
The welding process parameters which typically influence the FSW quality (Figure 2.2) 
are: (a) the rotational and transverse velocities of the tool, (b) the tool-plunge depth, (c) the 
tool tilt-angle, and (d) the tool-design/material. Since, in general, higher temperatures are 
encountered in the case of higher rotational and lower transverse tool velocities, it is critical 
that a delicate balance between these two velocities is attained. Specifically, if the 
temperatures in the weld region are not high enough and the material has not been sufficiently 
softened, the weld zone may develop various flaws/defects arising from low ductility of the 
material. On the other hand, when the temperatures are too high, undesirable changes in the 
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material microstructure/properties may take place and possibly incipient-melting flaws may 
be created during joining. To ensure that the necessary level of shoulder/work-piece contact 
pressure is attained and that the tool fully penetrates the weld, the tool-plunge depth (defined 
as the depth of the lowest point of the shoulder below the surface of the weld plate) has to be 
set correctly. Tool rearward tilting by 2
o
-4
o
 has been often found to be beneficial since it 
enhances the effect of the forging process [15, 16, 18]. Typically, insufficient tool-plunge 
depths (lack of penetration) result in low-quality welds due to inadequate forging of the 
material at the rear of the tool, while excessive tool-plunge depths lead to under-matching of 
the weld thickness compared to the base metal thickness. Kissing bond is a specific type of 
solid-state bonding defect, mainly occurs due to lack of penetration of the tool during the 
FSW process, where two previously separated regions of the material are in contact with little 
or no metallic bond present. Kissing bonds are a concern with FSW as such features can 
reduce fatigue performance of joints and are currently very difficult to detect (or accurately 
size) using existing NDT methods [3, 19, 20]. 
 
 
(a)       (b) 
Figure 2.2 (a) Friction stir welding process parameters and (b) different geometries of 
welding tools. 
 
2.2 Constant amplitude fatigue crack growth (Stage II)  
The life of a cyclically loaded component consists of the crack initiation and crack 
propagation stages. Modern defect-tolerant design approaches are based on the premise that 
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engineering structures are inherently flawed. The useful fatigue life is the time or the number 
of cycles to propagate a dominant flaw of an assumed or measured initial size to a critical 
dimension. In most metallic materials, failure is preceded by a substantial amount of stable 
crack propagation under cyclic loading conditions. The rates at which the crack propagates for 
different combinations of applied stress, crack length and geometrical conditions as well as 
the mechanisms which influence crack propagation rates are topics of considerable scientific 
and practical interest. 
In constant amplitude fatigue for a given material and set of conditions, the crack growth 
behavior can be described by the relation between cyclic crack growth rate (dα/dN) and stress 
intensity range (ΔΚR): 
 
𝑑𝑎
𝑑𝑁
= 𝑓(𝛥𝛫𝑅)      (2-1) 
 
where R is the load ratio.  
In Figure 2.3 a schematic (dα/dN-ΔΚ) plot is presented, showing the different regimes of 
stable fatigue crack propagation. 
At intermediate ΔΚ values, the rate of crack growth remains constant and (dα/dN-ΔΚ) can 
be plotted as a straight line in log-log scale.  The first approach to describe FCG in this stage 
(Stage II), is well known as the ‘Paris law’ and has the form [21]: 
 
𝑑𝑎
𝑑𝑁
= 𝐷(𝛥𝛫)𝑚      (2-2) 
 
where D and m are empirical parameters that depend on the material, environment, frequency, 
temperature and load ratio R. The load ratio is defined as: 
 
𝑅 =
𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥
=
𝐾𝑚𝑖𝑛
𝐾𝑚𝑎𝑥
     (2-3) 
 
where Kmin, Kmax are the minimum and maximum values of the stress intensity factor and σmin, 
σmax are the minimum and maximum stress values. Although equation (2-2) is empirical, it 
still remains one of the most useful expressions in the analysis of FCG for a vast spectrum of 
materials and fatigue test conditions.  
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Figure 2.3 Schematic illustration of different regimes of stable fatigue crack propagation. 
  
Many semi-empirical and empirical models have been proposed in the literature to 
account for the load ratio dependence of dα/dN. The most notable and widely used for 
industrial design purposes, are the empirical approaches of Forman et al. [22] and Walker 
[23].  These models are described, respectively, by the following two equations: 
 
𝑑𝑎
𝑑𝑁
= 𝐷𝑎 {
𝛥𝛫𝑚𝑎
(1−𝑅)𝐾𝑐−𝛥𝛫
}     (2-4) 
 
and 
𝑑𝑎
𝑑𝑁
= 𝐷𝑏 {
𝛥𝛫𝑚𝑏
(1−𝑅)𝑐1
}     (2-5) 
 
where Da, Db, ma, mb, c1 are material constants and Kc is the fracture toughness. These 
models do not account for microstructural, environmental or load interaction effects and 
should be further modified empirically when marked levels of crack closure develop [24, 25]. 
 
2.2.1 Fatigue crack closure 
Fatigue crack growth in aluminum alloys has been a subject of extensive research. The 
rate which a crack propagates under fatigue loads is influenced by several concurrent and 
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mutually competitive mechanistic processes involving the microstructure, mechanical load 
variables (ΔΚ and Kmax value, stress ratio) and environment. Fatigue crack closure discovered 
by Elber [26, 27] is a parameter that has been investigated rigorously and has been linked to 
fatigue crack growth. The evolution of crack closure and associated retardation mechanisms 
during fatigue cannot be quantified accurately. They are strongly influenced by even small 
variations in the path of the crack, environmental conditions, loading conditions and testing 
methods. The basic mechanisms contributing to fatigue crack closure in ductile metals are i) 
plasticity-induced closure, ii) roughness induced closure, iii) transformation-induce closure, 
iv) hardening at the crack tip, and v) oxide-induced closure [24, 28]. 
In aluminum alloys, excluding the environmental factors, the most relevant mechanisms 
influencing crack closure are plasticity, roughness at the crack path and hardening at the crack 
tip. Elber [26, 27] monitored changes in the compliance of thin sheets of cracked 2024 T3 AA 
and observed that fracture surfaces of a fatigue crack come into premature contact during the 
unloading of a force cycle and reduction in crack opening displacement, causing a reduction 
in the apparent ‘driving force’ for fatigue crack growth. Crack closure was related to the 
crack-tip plasticity and was the result of residual plastic deformation left in the wake of the 
crack tip (plasticity induced crack closure). Since then, extensive work in aluminum alloys 
has been performed [29-32], demonstrating the influence of crack closure due to plasticity on 
Stage II crack growth.  
The roughness induced closure effect is more microstructurally dependent and therefore 
more relevant in near threshold ΔΚ conditions [33-37]. However, several investigations have 
shown that certain microstructural aspects may influence fatigue crack propagation in early 
stages of intermediate growth (Stage II). In [38-40] the lower FCG rates in aluminum alloys 
with large and elongated grains, compared to the same alloys with smaller equiaxed grains, 
were associated with pronounced surface roughness induced closure at the crack path. The 
variation in grain morphology was a result of the different degree of plastic deformation of 
the alloys.  
Theoretical approaches have shown that cyclic hardening is associated with increased 
crack closure levels under cyclic stresses [41-43]. Budiansky and Hutchinson [41] presented a 
theoretical model for the phenomenon of fatigue crack closure discovered experimentally by 
Elber [26, 27]. It was found that cyclic hardening enhances crack closure, while cyclic 
softening reduces closure levels. In [42], cyclic hardening was found to affect both crack 
closure and the shape of the plastic zone at the crack tip. It was shown that since the material 
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becomes more resistant due to work hardening it is easier to plastically deform it out of that 
initial plastic zone, than within the initial plastic zone. The higher the amount of hardening, 
the larger the spreading of the plastic zone around the initial site. For cyclic loading, the 
residual stresses in front of the crack tip make this area more difficult to plastically deform. 
Therefore cyclic plastic straining mostly occurs in an area located above and behind the crack 
tip increasing residual stresses in this area, which enhances crack closure. Microstructural 
characteristics, which can influence the hardening behavior in overaged aluminum alloys are 
the degree of incoherency and coarsening of second-phase particles with non-shearable 
characteristics, and the resulting Orowan bypassing mechanism of semi- or incoherent 
particles [44, 45].  
Other micromechanical factors that may influence a propagating fatigue crack are local 
strength variations at the tip of a crack. In an early work, Reifsnider and Kahl [46] have 
shown that in the case of heat treatable aluminum alloys of 6xxx and 7xxx series, crack 
propagation rates depend on the slope of the yield strength gradient ahead the crack tip. It was 
demonstrated that crack propagation rates are reduced during the transition of a crack from a 
uniform strength region to a positive yield strength gradient. At larger crack lengths with 
continuous increasing strength the phenomenon is reversed and crack propagation rate 
increases up to the initial levels. The transient effects on fatigue crack growth rate observed 
reveal the strong dependency of crack propagation behavior on the local material properties at 
the tip of the crack. 
 
2.2.2 Theories for prediction of constant amplitude fatigue crack growth (Stage II) 
Fatigue crack growth rates are influenced by several interactive processes that involve the 
microstructure, mechanical load variables, environment and parameters associated with crack 
closure. Therefore, prediction of crack propagation rates is difficult and most models rely on 
empirical observations and experimental data, which however lack physical background. 
Theories based on physical principles, that have been proposed to predict fatigue crack 
growth in terms of ΔΚ, can be divided in two main categories. Theories based on geometrical 
factors (e.g. crack opening displacement) and rely on experimental correlation of striation 
spacing with crack growth rates [47-51], and theories based on accumulation of damage at the 
crack tip [52-59].  
Laird and McClintock [49, 50] correlated the crack advance per cycle with the crack-tip 
opening displacement Δδt, through equation (2-6): 
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𝑑𝑎
𝑑𝑁
≈ 𝛥𝛿𝑡 = 𝛽
(𝛥𝛫)2
𝜎𝑦𝑐𝛦
     (2-6) 
 
where σyc is the cyclic yield strength, E is Young’s modulus in plane strain, and β is a material 
parameter. 
More recently, Nicholls [47, 51] expressed the fatigue crack growth rate relating the crack 
tip radius during blunting with the crack opening displacement in the form: 
 
𝑑𝑎
𝑑𝑁
= 𝛥𝛼 = (
𝑝𝑏
𝐾𝑐
2)
1 (1−𝑝)⁄
𝛥𝛫2 (1−𝑝)⁄     (2-7) 
 
where KC is the fracture toughness, while parameters p and b are constants which relate the 
crack blunting with crack extension (Δα): 
 
𝑟 = 𝑏𝛥𝛼𝑝      (2-8) 
 
where r is the crack tip radius. Equation (2-7) requires the determination of constants b and p.  
Damage accumulation models [52-59] use criteria for fatigue fracture, based on the critical 
value of accumulated strains or plastic work at the crack tip. Damage is calculated cycle-by-
cycle or incrementally. Due to the complexity of the process most of the codes include a 
hierarchy of major simplifications, with most important being the application of the linear 
elastic fracture mechanics (LEFM) concept. In the model developed by McClintock [59], 
fatigue crack growth occurs when the following function of the local average plastic strain 
amplitude εp,α  at the crack tip and the true plastic strain for monotonic fracture ε(true),f, 
integrated over the number of fatigue cycles N, reaches unity: 
 
∫ 4 (
𝜀𝑝,𝑎
𝜀(𝑡𝑟𝑢𝑒),𝑓
)
𝑘
𝑁
0
𝑑𝑛 = 1     (2-9) 
 
where k exponent takes the values 1 or 2.  
Rice [52] and Weertman [53] independently proposed essentially identical damage 
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accumulation models which consider plasticity of a discrete surface of tensile yielding or slip 
ahead of the crack. In [52] crack growth was assumed to occur when the total absorbed 
hysteresis energy reaches a critical value U
*
 per unit area of newly created fracture surface. 
By assuming that crack growth rate is constant for fracture over a distance of a cyclic plastic 
zone, for small-scale yielding the crack growth rate was given by: 
 
𝑑𝑎
𝑑𝑁
=
5𝜋(1−𝜈2)𝜀𝑦𝜎𝑦
96𝑈∗
(
𝛥𝛫
𝜎𝑦
)
4
     (2-10) 
 
where εy is the yield strain, σy is the yield strength and ν is the Poisson’s ratio. For cyclically 
hardening or softening materials, σy and εy should be replaced by the corresponding values for 
cyclic loading. The difficulty of the model is in determining parameter U
*
. Weertman [53] 
developed a damage accumulation theory similar to that of Rice. His analysis revealed that 
the FCG rate can be described by: 
𝑑𝑎
𝑑𝑁
∝
(𝛥𝛫)4
𝐺𝜎𝑦
2𝑈∗
     (2-11) 
 
where G is the shear modulus.  
The total plastic strain energy required to cause fatigue fracture of a material element at 
the crack tip after it enters the reversed plastic zone, is not constant but increases with 
decreasing plastic strain amplitude [60]. This variation is a result of the Coffin-Manson law 
[61, 62] for strain-controlled cyclic fatigue. Many authors [54-57, 63] attempted to use the 
Coffin-Manson law to derive analytical expressions for the fatigue crack growth rate. Most of 
these models contain material parameters that need to be determined experimentally or 
numerically. In a recent work of Chen et al. [57], the near crack tip elastic-plastic stress and 
strain were evaluated in terms of modified Hutchinson-Rice-Rosengren (HRR) formulations, 
with introduction of a fatigue blunting factor. An average damage per loading-cycle in the 
cyclic plastic deformation region is defined due to Coffin-Manson law and a theoretical 
model of FCG was developed by considering linear damage accumulation, given in equation 
(2-12): 
𝑑𝑎
𝑑𝑁
= 2
𝐸𝜀𝑓
′
𝜎𝑦𝑐
𝑐+𝑐𝑛′
𝑐+𝑐𝑛′+1
𝑟𝑐𝑦 [1 − (
𝜌𝑐
𝑟𝑐𝑦
)
1+
1
𝑐+𝑐𝑛′
]    (2-12) 
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where σyc is the cyclic yield strength, E is the Young’s modulus, n΄ is the cyclic strain 
hardening exponent,  εf΄ and c are the fatigue ductility coefficient and exponent given by 
Coffin-Manson law, rcy and ρc are cyclic plastic zone and crack blunting radius respectively. 
Shi et al. [56], based on the critical plastic strain energy accumulated at the crack tip, 
proposed an analytical model presented in equation (2-13): 
 
𝑑𝑎
𝑑𝑁
=
(𝛥𝛫2−𝛥𝛫𝑡ℎ
2 )
1 2⁄
4𝜋(1+𝑛′)𝜎𝑦𝑐
2 𝑁∗
     (2-13) 
 
where N
*
 is the number of cycles required for the crack to penetrate through the processing 
zone, rcy - ρc, and can be defined as: 
 
𝑁∗ =
1
2
[
𝐻΄
(𝜎𝑓
΄ −𝜎𝑚)𝜀𝑓
′
(
𝜎𝑦𝑐
𝐸
)
𝑛΄+1 𝑟𝑐𝑦
𝑟𝑐𝑦−𝜌𝑐
[𝑙𝑛(𝑟𝑐𝑦) − 𝑙𝑛(𝜌𝑐)]]
1
𝑏+𝑐
  (2-14) 
 
In equation (2-14) H΄ is the cyclic strength coefficient, σf΄ is the fatigue strength coefficient 
and σm is the mean stress. Equation (2-13) requires the determination of stress intensity 
threshold ΔΚth. In [64], a fatigue crack growth model is developed, which considers a strip 
plastic zone with material hardening at the tip of a crack. Crack growth is treated 
incrementally and corresponds to failure of material elements ahead of the crack tip under low 
cycle fatigue conditions. For constant amplitude loading, fatigue crack growth is described 
by: 
𝑑𝑎
𝑑𝑁
=
𝜋
32
(
1
2𝛫𝑐𝑟
2 )
1/𝑐 (𝛥𝛫)2(1+1 𝑐⁄ )
𝜎𝑦
2
    (2-15) 
 
with Kcr being the critical stress intensity factor, σy the yield strength and c the fatigue 
ductility exponent. 
 
2.3 Weld residuals stresses and fatigue crack growth 
Residual stresses are present in many fabricated structures due to local plastic deformation 
from thermal and mechanical processes during weld manufacturing. Weld residual stresses 
are produced by thermal expansion, plastic deformation, and shrinkage during cooling. The 
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amount of constraint determines the amount of residual stresses. The intense heat associated 
with welding causes the region of the weld to expand. The surrounding material provides 
resistance to the expansion and subsequent contraction, generating residual stresses in the 
vicinity of the weld. Within the weld metal, residual stresses tend to be predominantly tensile 
in nature. The tensile residual stress field is self-balanced by compressive stresses induced in 
the parent metal [65]. A schematic view of the residual stress field (longitudinal and 
transverse) for a butt weld is shown in Figure 2.4. Through the thickness of the material, 
residual stresses may remain approximately constant with depth (“uniform” stresses) or they 
may vary significantly (“non-uniform” stresses). In sheet materials usually small variation in 
through-thickness residual stresses exists and assumption of uniform stresses may be 
considered.  
 
 
      (a)     (b) 
Figure 2.4 (a) Longitudinal (σy) and (b) Transverse (σx) residual stress field for a butt weld. 
 
Tensile residual stresses have values in the magnitude of the material’s yield strength and 
are detrimental for fatigue behavior of the structure, increasing the growth rate of the fatigue 
crack. Compressive residual stresses on the other hand decrease fatigue crack growth rate [66-
68]. Therefore, accurate and reliable determination of residual stresses is essential for the 
assessment of structural integrity of welded components. 
The main analytical approaches accounting for the effect of residual stresses on FCG rate, 
are the crack closure concept [26, 69-76] and the method of superposition [69, 72, 77-81]. 
They are used in combination with an appropriate fatigue crack growth model to describe how 
FCG rate is influenced by existing residual stresses. 
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2.3.1 Crack closure approach 
The crack closure approach has been originally proposed by Elber [26] and was modified 
by Newman [73]. The effective stress intensity factor ΔΚeff corresponds to the range of the 
applied load cycle where the crack is open and can be calculated from equation (2-16):  
 
𝛥𝛫𝑒𝑓𝑓 = 𝑈𝛥𝛫𝑎𝑝𝑝     (2-16) 
 
where ΔΚapp is the applied stress intensity factor range due to external loading and parameter 
U is expressed by: 
   𝑈 =  
1−𝜎𝑜𝑝𝑒𝑛/𝜎𝑚𝑎𝑥
1−𝑅
     (2-17) 
 
where σopen is the crack opening stress and σmax is  the applied maximum stress.  
Several attempts have been made to develop simple analytical models of crack closure to 
calculate crack opening stresses σopen [71, 73, 76]. Most of them were based on the Dugdale 
model [82] and have shown that σopen is a function of stress ratio R, maximum stress σmax and 
specimen thickness. 
For a center crack tension specimen, σopen/σmax has been calculated by Newman [73]: 
 
𝜎𝑜𝑝𝑒𝑛
𝜎𝑚𝑎𝑥
= 𝐴0 + 𝐴1𝑅 + 𝐴2𝑅
2 + 𝐴3𝑅
3     𝑓𝑜𝑟 𝑅 ≥ 0   (2-18) 
 
𝜎𝑜𝑝𝑒𝑛
𝜎𝑚𝑎𝑥
= 𝐴0 + 𝐴1𝑅          𝑓𝑜𝑟 − 1 ≤ 𝑅 < 0    (2-19) 
 
when  𝜎𝑜𝑝𝑒𝑛 ≥ 𝜎𝑚𝑖𝑛 (σmin is  the applied minimum stress). The coefficients Ao, A1, A2, A3, 
are: 
𝐴0 = (0.825 − 0.34𝛾 + 0.05𝛾
2)[cos(𝜋𝜎𝑚𝑎𝑥 2𝜎0⁄ )]
1 𝛾⁄    (2-20) 
 
𝐴1 = (0.415 − 0.071𝛾) 𝜎𝑚𝑎𝑥 𝜎0⁄       (2-21) 
 
𝐴2 = 1 − 𝐴0 − 𝐴1 − 𝐴3       (2-22) 
 
𝐴3 = 2𝐴0 + 𝐴1 − 1        (2-23) 
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For plane stress conditions γ = 1, while for plane strain conditions γ = 3. The value σ0 is taken 
to be the average between the uniaxial yield stress and uniaxial ultimate tensile strength of the 
material. 
 
2.3.2 Superposition approach 
In the superposition approach, the maximum and minimum stress intensity factors 
Κmax,total, Κmin,total derived from superposition of the external stresses and residual stresses are 
given by:  
𝛫𝑚𝑎𝑥,𝑡𝑜𝑡𝑎𝑙 = 𝛫𝑚𝑎𝑥,𝑎𝑝𝑝+𝛫𝑟𝑒𝑠    (2-24) 
 
𝛫𝑚𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 = 𝛫𝑚𝑖𝑛,𝑎𝑝𝑝+𝛫𝑟𝑒𝑠    (2-25) 
 
The stress intensity factor range ΔΚ and effective stress ratio Reff are calculated from (2-26) 
and (2-27): 
𝛥𝛫 = 𝛫𝑚𝑎𝑥,𝑡𝑜𝑡𝑎𝑙 − 𝛫𝑚𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 = 𝛥𝛫𝑎𝑝𝑝    (2-26) 
 
𝑅𝑒𝑓𝑓 =
𝛫𝑚𝑖𝑛,𝑎𝑝𝑝+𝛫𝑟𝑒𝑠
𝛫𝑚𝑎𝑥,𝑎𝑝𝑝+𝛫𝑟𝑒𝑠
     (2-27) 
 
In Figure 2.5a the stress intensity factor range resulting from superposition of an external 
constant amplitude and a tensile residual stress field is shown. 
The total stress intensity factor range ΔΚ is not influenced from the residual stress field as 
indicated in equation (2-26). On the other hand, the effective stress ratio Reff (equation 2-27) 
is affected. As a result, FCG rates under the influence of a residual stress field are a function 
of ΔΚapp and Reff. 
𝑑𝑎
𝑑𝑁
= 𝑓(𝛥𝛫𝑎𝑝𝑝, 𝑅𝑒𝑓𝑓)     (2-28) 
 
Κres and Reff change as the crack grows through the residual stress field and the growth 
rate can be obtained either from experimental data (dα/dN –ΔΚ) for a specific Reff, or from 
crack growth equations including the stress ratio effect, such as the Forman, Walker equations 
[22, 23, 83]. 
In Figure 2.5b the stress intensity factor range resulting from the superposition of an 
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external constant amplitude and a compressive residual stress field is shown. A negative Kres 
value characterizes a closed crack. If the applied K value is greater than |- Kres |, then the crack 
will open. 
 
(a) 
 
(b) 
Figure 2.5 Stress intensity factor range resulting from superposition of external loading 
and residual stresses for (a) tensile Kres, and (b) compressive Kres. 
 
2.3.3 Determination of the residual stress intensity factor (Kres) 
The calculation of the stress intensity factor Kres, is necessary for fatigue crack growth 
simulation within a residual stress field. The weight function method (WFM) and the fine 
element method (FEM) have been widely employed for calculating stress intensity factors. 
The WFM has been successfully used by many researchers for welded test samples [70, 75, 
79, 84, 85]. Closed-form or approximate analytical solutions are available for calculating the 
Kres and in general the solutions are exact or accurate enough. However, most weight 
functions were developed for simple geometries or require finite width correction. Some 
weight functions are in complicated forms and the calculation process involves solving 
complex integral equations. On the other hand, the FEM is a more robust and versatile tool for 
complex geometries and loading conditions. The FEM has been successfully used in the 
fracture analysis in welds [75, 80, 81, 85]. This method is getting more popular due to the 
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rapid development of fast computers and implementation of fracture mechanics analysis 
routines in the commercial FE packages. Welded structural components have usually a 
complex geometry, for which FEM is more powerful than WFM in evaluating the effect of 
residual stresses on the crack tip stress field. In [75, 81, 85] a good agreement between WFM 
and FEM methods for evaluating stress intensity factors due to weld residual stresses was 
shown. 
For the calculation of Kres a well-accepted method is the weight function, suggested by 
Bueckner [86]. For a two dimensional single edge crack element (Figure 2.6), with finite 
width (W) and infinite length, Bueckner’s weight function is given by: 
 
𝑚(𝑥, 𝑎) =
2
√2𝜋(𝑎−𝑥)
[1 + 𝑚1 (
𝑎−𝑥
𝑊
) +𝑚2 (
𝑎−𝑥
𝑊
)
2
]  (2-29) 
 
where α is the length of the edge crack and parameters m1, m2 are: 
 
𝑚1 = 0.6147 + 17.1844 (
𝑎
𝑊
)
2
+ 8,782 (
𝑎
𝑊
)
6
   (2-30) 
 
𝑚2 = 0.2502 + 3.2899 (
𝑎
𝑊
)
2
+ 70,0444 (
𝑎
𝑊
)
6
   (2-31) 
 
 
Figure 2.6 Single edge crack, infinite strip. 
 
Using the product of equation (2-29) and the stress distribution σyres(x) along the crack 
plane, the stress intensity factor Κres can be calculated from: 
 
𝛫𝑟𝑒𝑠 = ∫ 𝜎𝑦𝑟𝑒𝑠(𝑥)𝑚(𝑥, 𝑎)𝑑𝑥𝑎     (2-32) 
x 
α 
y 
W 
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In equation (2-32), σyres(x) is the stress distribution that would exist along the crack plane if 
the crack was not there (Figure 2.7).  
It is worth noting that when using the weight function method, the implicit assumption is 
being made that the residual stress field does not diminish or redistribute with crack growth. 
This is a weak point of using the weight function concept since redistribution of residual 
stresses during fatigue crack propagation is a well-known problem [74, 87-89].  
 
 
Figure 2.7 Infinite two dimensional strip with a residual stress distribution σyres(x) along its 
finite width (W). 
 
2.3.4 Fatigue crack growth in aluminum alloy welds 
The propagation rate of a crack growing inside an aluminum weld material is a problem 
which has received significant attention by many scientists. Focus has been given mainly on 
the influence of residual stresses on fatigue crack growth rate and less on weld material 
characteristics.  
In aluminum fusion welds, studies have focused on the importance of residual stress 
fields, microstructural influence and hardness levels on FCG [90-93]. The studies have shown 
that the residual stress field plays a dominant role in the mechanical performance. For cracks 
propagating perpendicular to the weld line, in the weld nugget where longitudinal tensile 
residual stresses exist crack growth rates were significantly greater than those found in the 
parent metal, while cracks initiating in the HAZ, subjected to compressive residual stress 
fields, showed lower crack growth rates [90]. Studies on fusion welds have suggested that 
effect of microstructure and associated hardness variation is small compared to that of the 
residual stresses, although some small effects have been demonstrated [67, 90, 94, 95].  
In aluminum FSW, despite the lower heat input during welding compared to conventional 
fusion methods, significant microstructure variations and residual stress fields coexist in the 
W 
σyres(x) 
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weld material. According to previous studies, FCG in FSW is intensely affected by (i) 
microstructure [70, 96-99], and (ii) residual stresses [70, 77, 96-101]. These parameters 
depend on the joined material types and the welding process [18, 102-106]. 
The majority of investigations however, focus on the aspect of residual stresses and the 
problem of weld microstructure on FCG has only slightly been investigated. John et al. [99] 
studied the effect of residual stresses on near threshold fatigue crack growth in friction stir 
welded 7xxx. Crack growth rates measured in the HAZ were lower than those of the base 
metal and residual stresses were found to play a significant role. In [107] friction stir welded 
7xxx specimens with the crack placed parallel to the weld line, showed lower crack growth 
rates in the base metal than in the center of the weld but higher than in the HAZ. The decrease 
in FCG resistance in the weld-nugget was associated with an intergranular failure mechanism, 
while in the HAZ residual stresses were more dominant than the microstructure improving the 
fatigue crack growth resistance. Pouget et al. [70] studied the FCG behavior in 2050 AA FSW 
and found a strong correlation of fatigue crack propagation rate with the presence of residual 
stresses. At low ΔΚ values, the microstructure of the recrystallized weld nugget was found to 
influence the FCG behavior when the crack propagates parallel to the weld. Bussu et al. [101] 
and Fratini et al. [77] investigated independently the effects of microstructure and residual 
stresses on FCG of 2024-T351 friction stir welds. Residual stresses were mechanically 
relieved by plastic stretching. The authors claimed that when the crack propagates 
perpendicular to the weld line, crack growth behavior is dominated by the weld residual 
stresses, while microstructure has only a minor influence. In [70, 108], an attempt to describe 
FCG behavior was made with the use of empirical models. Pouget et al. [70] used the 
effective stress intensity factor, ΔΚeff, to predict FCG rates in 2050 AA FSW at low ΔΚ 
values. Goledtaneh et al. [108] attempted to model fatigue crack propagation in 2024-T351 
FSW joint, using Walker [23]  and Nicholls [47] fatigue models by incorporating the effects 
of residual stresses, stress relaxation and crack closure. 
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Chapter 3: Experimental procedure        
In this Chapter the experimental methodology of the thesis is presented with a justification 
of the performed procedures. The experimental investigation is developed in three parts. The 
first part includes the friction stir welding experiments and analysis of weld microstructure. 
Friction stir welds have been produced and microstructural analysis has been performed in the 
parent and weld material. Microhardness measurements were conducted in the cross-section 
of the weld region and residual stress measurements perpendicular to the FSW line. In the 
second part the heat treatment experiments for the simulation of HAZ in parent 2024 material 
are analyzed. The aim of the simulation is to assess the mechanical behavior of a material 
with HAZ characteristics “free” from residual stresses, that are present in the weld material 
(Figure 1.2). For this purpose, an appropriate heat treatment procedure was developed that 
induces microstructural characteristics and local property variation similar to the HAZ in the 
parent material (Figure 1.3). In the third part the mechanical performance of the weld and heat 
treated materials is assessed. The experiments include tensile, fatigue crack growth and 
fracture toughness tests. A set of low cycle fatigue (LCF) tests was included in the 
investigation to assess the cyclic properties of the material with HAZ characteristics.  
 
3.1 Material 
Aluminum alloy (AA) 2024 in T3 condition, which includes solution heat treatment at 
495
o
C, control stretching and natural aging, was selected for the experimental investigation. 
The 2024 AA is used extensively in commercial and military aircraft applications in the 
fuselage skin and wing skins.  In the investigation, the material was used in sheet form with a 
thickness of 3.2mm. The nominal chemical composition of the alloy is presented in Table 3.1. 
 
Table 3.1 Chemical composition (wt.%) of Aluminum alloy 2024 T3 [109] 
Al Cu Mg Mn Si Fe Cr Zn Ti 
Other 
Each 
Other 
Total 
90.7 - 94.7 4.35 1.5 0.6 
max. 
0.50 
max. 
0.50 
max.  
0.10 
max. 
0.25 
max.  
0.15 
max.  
0.050 
max. 
0.15 
 
3.2 Friction stir welding (FSW) experiments 
For the welding of specimens, a custom friction stir welding system was used (Figure 
3.1a) by converting a milling machine to an FSW application with appropriate modifications. 
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The modifications were made collaboratively by the Laboratory of Materials and Laboratory 
of Mechanics & Strength of Materials of the University of Thessaly. They included 
manufacturing of a welding tool, clamping fixtures, and mounting of a load cell with a 
capacity of 2000kg and special indicators in order to control the welding parameters (tool 
pressure, tool rotation speed and welding speed) during the welding process. The welding tool 
has a shoulder diameter of 14mm, a cylindrical pin with diameter 3mm and height 2.8mm as 
shown in Figure 3.2. It is made of H13 steel, with a hardness value of 53 Rockwell C. 
 
 
Figure 3.1 (a) Friction Stir Welding system (b) Friction stir welding process of 2024 T3 AA 
sheet. 
 
 
Figure 3.2 Weld tool dimensions. 
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FSW welds were performed in 2024 T3 AA transverse to the rolling direction (L-T 
direction). The sheet dimensions were 100x100x3.2mm and the welding parameters were: 
 
 Tool rotation speed Vr: 830rpm 
 Welding speed Vf: 70mm/min 
 Tool pressure: 8kΝ 
 Nuting angle θ: 1o 
 
  
Figure 3.3 Graph with the parameters of FSW procedure. 
 
In total 26 welds were prepared and used for metallographic analysis, microhardness 
measurements, residual stresses measurements and mechanical testing. 
 
3.3 Heat treatment for simulation of the Heat Affected Zone (HAZ) 
The HAZ microstructure was simulated in parent 2024 AA in order to investigate its 
influence on fatigue crack growth performance without the weld residual stresses. Simulation 
of the HAZ microstructure is complex due to occurring temperature gradients during the 
welding process, which produce gradual changes in the microstructural characteristics and 
mechanical properties. Since the material in the HAZ is in overaged state, an appropriate 
overaging treatment was used to produce a 2024 microstructure with HAZ characteristics.  
For the selection of heat treatment conditions, the overaging curves of the material were 
determined, which relate the reduction in hardness to the aging temperature and time. A heat 
treatment furnace (Thermawatt TGT 50) with maximum heating capacity of 1200
o
C was used 
capable of maintaining a temperature accuracy of ±1oC during treatment. Small samples were 
placed inside the furnace and were artificially aged at temperatures ranging from 150
o
C to 
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300
o
C for time periods up to 48 hours. Subsequently, the overaging curves were used to 
obtain the microhardness variation with regard to aging parameters. 
Two types of heat treatment were performed: i) uniform overaging heat treatment, and ii) 
overaging heat treatment with exposition of the samples to a temperature gradient.  
The conditions (temperature and time) for the uniform heat treatment were selected 
carefully to produce material hardness similar to the positions 1, 2, 3 in the HAZ (Figure 3.4). 
The temperatures were 200
o
C, 250
o
C and 300
o
C for 15hours. 
 
 
Figure 3.4 Locations in the HAZ which were simulated with heat treatment process  
(points 1, 2, 3). 
 
In the second type of heat treatment, samples with dimensions of 150x100mm (Figure 3.5) 
were exposed to a temperature gradient. The temperature boundaries were the limits of areas 
(W1-W3) and (W2-W3) in the specimen of Figure 3.5. The heat treatment set up (Figure 3.6a) 
consists of two tanks filled with industrial oil (Figure 3.6b). The oil inside the tanks is heated 
by electric heating elements. The temperature is controlled by thermocouples connected to 
special controllers that are shown in Figure 3.6c. By placing parts W1 and W2 (Figure 3.5) in 
the cavity of the tanks (Figure 3.6b), they maintain the desired temperature. In part W3, the 
surface of the specimen is insulated with rockwool (Figure 3.6d).  
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Figure 3.5 Material sample showing the areas W1 and W2 which are exposed to different 
temperatures and section W3 with resulting temperature gradient. 
 
 
(a)       (b) 
  
(c)      (d) 
Figure 3.6 (a) Equipment for exposition of the samples to a temperature gradient (b) oil tank 
(c) Thermal heat controllers (d) Insulation of 2024 material and installation of thermocouple 
for monitoring the temperature of the specimen during heat treatment. 
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According to Fourier’s Law of heating conduction (equation 3-1) [110], in an externally 
thermally insulated material between two constant temperature boundaries, the variation of 
the temperature inside the boundaries is a linear relation between the temperature of the 
boundaries (Figure 3.7). 
𝑇𝐻 =
𝑞
𝑘𝐴
𝐿 + 𝑇𝑐      (3-1) 
 
where q is the heat transferred within the medium per unit time, A is the heat transfer area, k 
is the thermal conductivity of the material, TH is the higher temperature, TC is the lower 
temperature and L is material thickness. 
 
 
Figure 3.7 Schematic representation of Fourier’s Law of heating conduction, showing a linear 
temperature gradient between two constant thermal boundaries. 
 
 During heat treatment, the temperature was kept constant at the two temperature 
boundaries 200 and 250
o
C.  Two more thermocouples were attached on part W3 in order to 
check the accuracy of the applied temperatures (Figure 3.6d).  In total, 6 specimens were 
subjected to the temperature gradient in order to produce material with variation in hardness. 
 
3.4 Microstructural analysis 
Microstructural analysis of the friction stir welds was performed using optical 
microscopy. Small samples were extracted from the weld zone (including nugget, HAZ, 
TMAZ, BM) with dimensions 3.2x50x20mm. Preparation of the samples for metallographic 
examination was made by incremental grinding with 120-, 500- ,800-, 1000-grit silicon-
carbide papers and polishing with diamond (3 and 1 μm) and alumina before etching. The 
specimens were etched with Keller’s reagent, which consists of 2 mL HF, 3 mL HCl, 5 mL 
HN03 and 190 mL H20. 
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Microstructural analysis was also conducted in the heat treated material to evaluate the 
similarity of microstructural characteristics between heat treated alloy and HAZ.  
 
3.5 Microhardness measurements 
Microhardness measurements were performed in accordance with ASTM E92 standard 
[111], in the cross-section of the weld region. The microhardness values were measured along 
a distance of ±15mm from the weld centerline, at depths of h=1mm and 2mm from the 
surface, with a constant step of 25μm between two consecutive measurements. The Vickers 
scale was used and hardness values were determined using an applied force of 200gr (Hv0.2) 
for 10 sec. In total 500 measurements were performed for the determination of hardness 
profile. 
 
3.6 Measurement of residual stresses 
Residual stresses were measured in the direction of the weld line (y-direction, Figure 2.4) 
with the use of the hole-drilling method.  For the measurements the hole-drilling equipment of 
the Laboratory of Technology and Strength of Materials of University of Patras was used in 
accordance with ASTM E 837-08 [112]. Residual stresses were determined using a 
rectangular strain gauge rosette (type EA-062RE-120), that includes 3 gauges situated at 
angles 0
0
, 90
0
, -135
0
 with respect to y axis (Figure 3.8a). The procedure included: i) cleaning 
of the area with Vishay CSM-2 solvent, ii) grinding with 320- and 400-grit silicon-carbide 
paper for removal of possible surface irregularities or oxides, iii) abrading with 400-grit 
wetted with Vishay M-Prep Conditioner A, iv) application of Vishay M-Prep Conditioner A 
and Vishay M-Prep Neutrilizer 5A on the specimen, scrubbing with a cotton-tipped applicator 
and careful drying of the surface. Attachment of the rosette was achieved with the use of 
Vishay M-Bond 200 glue.  
Incremental drilling of the hole at the rosette center was made with a 0.1mm step using a 
Vishay RS-200 Milling Guide (Figure 3.8c) and a cutter with a diameter of 1.6mm. The strain 
gauge values during drilling were monitored with the strain indicator Vishay P3 (Figure 3.8d). 
Residual stresses were measured perpendicular to the weld line along a width of ±25mm 
from the weld center. In total, 20 measurements were made for the determination of the 
residual stress profile.   
The amount of relaxation of residual stresses after cutting of the specimen from the 
welded plate was determined with additional measurements on a smaller panel of 75x72 mm, 
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machined from the initial welded plate of 100x200 mm (Figure 3.9).  
 
  
      (a)                (b) 
   
      (c)                (d) 
Figure 3.8 (a) Rosette used for residual stress measurements (b) Attachment of a strain gauge 
rosette on a friction stir weld (c) hole drilling equipment and (d) strain indicator used for 
analyzing residual stresses. 
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Figure 3.9 Dimensions (in mm) of C(T) specimen used for FCG test compared to the 
dimensions of the initial panel. 
  
3.7 Mechanical testing 
The investigation of mechanical performance was made for FSW material, material under 
uniformly heat treated conditions and material with hardness (strength) gradient. In Table 3.2 
the type of mechanical tests performed for each material condition is presented. 
 
Table 3.2 Type of mechanical tests performed for each material condition 
Material 
condition 
Tensile FCG 
Fracture 
toughness 
Strain 
controlled 
Parent metal 
(2024 T3) × × × × 
FSW × ×   
Uniformly heat 
treated × × × × 
Material with 
hardness gradient 
 ×   
 
3.7.1 Tensile tests 
The mechanical properties in the weld region were determined using subsize specimens 
(Figure 3.10) in accordance with ASTM E8M-01 specification [113]. A 100kN servo-
hydraulic machine was used to perform the tensile tests at room temperature with a constant 
displacement rate of 0.5mm/min.  
The specimens were extracted from the weld nugget, TMAZ and HAZ (Figure 3.11). A 
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more detailed explanation of the exact specimen location where specimens have been 
extracted from the weld is given in paragraph 4.3.1.1.  
In the case of uniformly heat treated material, tensile tests were carried out in L and L-T 
material directions. Two specimens were tested in each case and average values of properties 
were obtained. 
 
Figure 3.10 Subsize specimen configuration according to specification ASTM E8M-01. 
 
   
Figure 3.11 Locations where specimens have been extracted from the weld region 
 
3.7.2 Fatigue crack growth (FCG) tests 
The fatigue crack propagation tests were carried out on compact tension C(T) specimens 
(Figure 3.12) in accordance with ASTM Ε647-00 [114] on a 100kN servo-hydraulic fatigue 
machine at room temperature. The notch was machined parallel to the material rolling 
direction. The maximum stress was σmax= 10MPa, the stress ratio R=0.1 and the frequency 
5Hz. Crack growth rates were measured in the intermediate ΔK region ranging from 11 to 25 
MPam
1/2
. For the determination of crack length, the crack opening displacement (COD) was 
measured at points A, B of Figure 3.12 with the use of a COD extensometer. Subsequently, 
data evaluation was performed with implementation of the compliance method. Crack closure 
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during testing was measured to determine the minimum force at which the crack is open 
during cyclic loading. The measurements were performed using the compliance method 
according to ASTM Ε647-00 [114]. Experiments were conducted in FSW material, uniformly 
heat treated material and materials with hardness gradient.  
In the FSW, fatigue crack growth characteristics were examined in mode I loading 
transverse to the weld line. Three different configurations (FSW#1, FSW#2, FSW#3) were 
examined, with different notch tip positions with regard to the weld centerline (Figure 3.14). 
In FSW#1 the initial notch tip is placed in the advancing side, 17mm from the weld 
centerline, in FSW#2 in the advancing side, 7mm from the weld centerline and in FSW#3 at 
the weld centerline. Two FCG tests were carried out for each configuration.  
 
 
Figure 3.12 C(T) specimen configuration according to specification ASTM E 647-00. 
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Figure 3.13 Fatigue crack growth test setup. 
 
 
Figure 3.14 FSW#1, FSW#2 and FSW#3 specimen configurations. 
 
In the uniformly heat treated material, 17 FCG tests were carried out, 6 in T3 condition, 3 
in material heat treated at 200
o
C, 6 in material heat treated at 250
o
C and 5 in material heat 
treated at 300
o
C. Crack closure measurements were also conducted.  
In the material with hardness gradient a positive and negative hardness gradient at the 
crack tip were examined. The C(T) specimens were appropriately machined so that the notch 
tip coincides with the boundary of hardness gradient (Figure 3.15). For each case, 3 FCG test 
were carried out. 
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(a)           (b) 
Figure 3.15 C(T) specimen with (a) positive and (b) negative hardness gradient in front of 
notch tip resulting from heat treatment 
 
3.7.3 Fracture Toughness tests 
Fracture toughness tests were performed on C(T) specimens (Figure 3.16) in accordance 
with ASTM Ε561-98 [115]. The maximum mode I stress intensity factor (Kmax) was 
determined, which complies with LEFM conditions in the test. In order to prevent buckling of 
the specimen, an anti-buckling device was used during the tests (Figure 3.17). 
 
 
Figure 3.16 C(T) specimen configuration according to specification ASTM Ε561-98. 
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Figure 3.17 Anti-buckling device used in fracture toughness test. 
 
3.7.4 Strain controlled fatigue tests 
The strain controlled fatigue tests were conducted in accordance with the guideline SEP 
1240 [116] with the specimen configuration shown in Figure 3.18. For the experiments a 
strain ratio of R= -1 and a frequency of 0.2 Hz was used and the applied strain amplitude was 
measured with a dynamic axial clip-on extensometer. To prevent buckling during testing, an 
anti-buckling (Figure 3.19) was attached to the specimen surfaces.  
 
 
Figure 3.18 Specimen configuration according to specification SEP 1240. 
 
 
Figure 3.19 Strain controlled fatigue test setup with the use of anti-buckling device. 
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Chapter 4: Experimental results       
In this Chapter, the experimental results are presented, which include: i) microstructural 
analysis and microhardness measurements ii) mechanical testing (tensile, strain controlled 
cyclic tests, fracture toughness and fatigue crack growth tests) iii) determination of residual 
stresses in direction perpendicular to the weld line.  
 
4.1 Microstructural analysis and microhardness measurements 
4.1.1 FSW material 
The cross section of the 2024 T3 friction stir weld shown in Figure 4.1 reveals the heat 
affected zone (HAZ), the thermo-mechanically affected zone (TMAZ) and the weld nugget. 
Adjacent to the HAZ, the base metal (BM) is unaffected and consists of the 2024 T3 
microstructure shown in Figure 4.2. SEM/EDS analysis showed that the BM includes three 
types of inclusions: (i) Al-Cu (ii) Al-Cu-Fe-Mn, and (iii) Al-Cu-Fe-Si-Mn containing 
particles. The results are in agreement with [109, 117, 118]. The 2024 T3 microstructure is 
characterized by two major second-phase particles, namely the Al2Cu (θ΄phase) and the 
Al2CuMg (S΄ phase) [117].  
In micrographs of Figure 4.1 the weld zone microstructural characteristics are presented. 
In the HAZ, coarsening of metastable phases due to overaging is observed, while in the 
TMAZ, the original elongated grains have been plastically deformed by the tool during the 
welding process. The nugget zone consists of a fully recrystallized microstructure, where the 
original grains have been replaced with fine, equiaxed, recrystallized grains with smaller 
mean diameter compared to the base metal. 
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Figure 4.1 Microstructural details of the weld zones in 2024 T3 FSW: a) cross section of the 
weld joint, b) HAZ c) nugget and TMAZ boundaries b) weld nugget. 
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Figure 4.2 Microstructure of the base 2024 T3 material.  
 
In Figure 4.3 the microhardness values along a cross section of the weld at 1mm and 2mm 
depth from the weld surface are shown. The microhardness variation has the typical W-shape, 
present in friction stir welds in precipitation hardened aluminum alloys [3, 119, 120].  In the 
weld nugget an average drop in hardness of 20% compared to the base metal is observed, 
which has a hardness of 150 HV0.2. The highest drop in hardness was 35% compared to the 
BM and occurred in the TMAZ. In the HAZ, a hardness gradient exists, with upper and lower 
limit values of the BM and TMAZ respectively. In the HAZ, softening is observed due to 
precipitate coarsening (overaged state), accompanied by a steep drop in hardness when 
moving from the HAZ to the TMAZ. During the welding process, the temperature in the HAZ 
varies with the distance from the weld centerline. In positions closer to the weld, higher 
temperatures are reached, that lead to a high reduction in hardness. In the TMAZ, a minimum 
hardness value is reached as a result of the plastically deformed structure, as well as occurring 
aging processes.  In the weld nugget coarsening and dissolution of precipitates takes place, 
associated with microhardness reduction, which closer to the weld line center, is followed by 
a strength recovery due to natural aging.  
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Figure 4.3 Microhardness variation in the weld region determined at two different layers in 
the cross section of the FSW joint (1 and 2 mm depth from specimen surface). 
 
4.1.2 Uniformly heat treated material 
The overaging curves used to select the heat treatment conditions (200
o
C, 250
o
C and 
300
o
C for 15 hours) are shown in Figures 4.4a and 4.4b. In Figure 4.4a, the microhardness 
variation with temperature and heat treatment duration is shown. The microhardness value in 
the initial T3 state was measured at 150 Hv0.2, which is in agreement with [109]. Until 200
o
C, 
no significant drop in hardness is observed with increasing aging time. Above 200
o
C, the drop 
in hardness stabilizes after approximately 15 hours. The maximum decrease in hardness was 
50% compared to the T3 state, at 300
o
C for 15 hours. In Figure 4.4b, the hardness-
temperature diagram for constant aging times of 10 and 15 hours is presented. A gradual, 
almost linear decrease of microhardness between the temperature boundaries of 200
o
C and 
300
o
C is observed. This hardness gradient between 150 and 75-80 Hv0.2 is similar to the 
microhardness gradient observed in the HAZ (see Figure 4.3). 
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(a) 
 
(b) 
Figure 4.4 Overaging curves of 2024 T3 aluminum alloy: (a) Hardness-Time diagram for 
different aging temperatures (b) Hardness-Temperature diagram for constant duration of 10 
and 15 hours treatment. 
 
Based on the previous observation the two temperatures (200 and 300
ο
C), as well as the 
intermediate value of 250
ο
C were selected as aging conditions for the simulation of HAZ.  
The aging time of 15 hours was chosen as the threshold beyond which, no significant 
hardness change was observed (Figure 4.4a). The materials produced from T3 state with 
aging at 200
o
C, 250
o
C and 300
o
C for 15 hours, are referred to as A200, A250 and A300 
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materials respectively and have similar microhardness values with the HAZ material in the 
positions 4mm (A300), 7mm (A250) and 14mm (A200) with respect to the weld centerline as 
presented in Figure 4.5. 
 
 
Figure 4.5 Microhardness values of A200, A250 and A300 materials in correlation with HAZ 
hardness values measured at depths of h=1mm and 2mm from the weld surface. 
 
In Figures 4.6 a-d the produced microstructures in materials A200, A250 and A300 are 
displayed together with a micrograph of the HAZ microstructure taken 12mm from the weld 
centerline. The HAZ microstructure of Figure 4.6a has very similar characteristics with the 
heat treated material A200 (Figure 4.6b), which corresponds to the same position in the 
gradient (Figure 4.5). At regions of the HAZ closer to the weld nugget the characteristics start 
to differentiate (heat treated materials A250 and A300). Inside the grains coarsening of the 
metastable phases can be observed, while inclusions seem to be unaffected with regard to the 
parent metal (Figure 4.2). Coarsening of metastable phases in the alloy A300 is more 
pronounced compared to A200 and A250. The above observation is consistent with the lower 
hardness values of A300 compared to A200 and A250. Moreover, in A250 and A300 
precipitate-free zones (PFZs) are evident, where metastable phases have dissolved from the 
grain boundaries and precipitated in the region around the grain boundaries.  
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(a)      (b) 
   
(c)       (d)    
Figure 4.6 Microstructures of (a) HAZ at a distance 12mm from the weld centerline, (b) 
A200, (c) A250 and (d) A300. 
 
4.1.3 Heat treated material with hardness (strength) gradient 
The hardness profiles in the material after heat treatment including exposure to a 
temperature gradient between 200 and 250
o
C for 15hours are shown in Figures 4.7a and 4.7b.  
 
  
(a)     (b) 
Figure 4.7 Hardness profiles after heat treatment (a) positive hardness gradient with 
distance (b) negative hardness gradient with distance. 
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The microstructural variations at positions 1, 2 and 3 within the gradient are shown in 
Figure 4.8. With regard to the T3 material, coarsening of the metastable phases can be 
observed inside the grains and inclusions seem to be unaffected. With increasing temperature, 
coarsening of metastable phases is more pronounced and lead to higher reduction in hardness. 
Examination of Figures 4.5 and 4.7b reveal that positions 1 and 3 in the gradient have 
hardness values similar to the materials A200 and A250. Also, comparison of Figures 4.6b 
and 4.8a gives similar microstructural characteristics of A200 and position 1 in the gradient. 
Regarding position 3 (Figure 4.8c), the microstructure differences with A250 concern the 
absence of PFZs observed in A250 (Figure 4.6c). 
 
   
(a)      (b) 
   
(c)       
Figure 4.8 Microstructure of materials subjected to artificial aging (a) position 1, (b) position 
2, (c) position 3, of Figure 4.7b. 
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4.2 Weld residual stresses 
In Figure 4.9 the distribution of residual stresses measured in the longitudinal direction (y-
direction, Figure 2.4a) perpendicular to the weld line is presented. Inside the weld region, in 
the area which includes the weld nugget and TMAZ, residual stresses are tensile with a 
magnitude of 52-65ΜPa. Compressive residual stresses exist in the BM, while the HAZ is 
characterized by a gradient of tensile residual stresses with boundary values that of the TMAZ 
and BM. The shift from tensile to compressive stresses appears at a position located ±20mm 
from the weld center and the distribution is symmetric with respect to the weld centerline. The 
residual stress profile is consistent with the results in [77] on the same aluminum alloy. 
In Figure 4.9 the residual stress profile of the rectangular specimen with dimensions of 
75x72mm extracted from the initial welded panel with dimensions of 200x100mm (see Figure 
3.9) is presented. After machining, the magnitude of residual stresses in the small specimen is 
relieved by 33%.  
 
Figure 4.9 Longitudinal residual stress distribution σyres(x) (see Figure 2.4a) in FSW panel 
with two different configurations. 
 
4.3 Mechanical performance 
4.3.1 Tensile properties 
4.3.1.1 Weld material 
Tensile properties have been determined in the weld nugget (footprint 3), boundary region 
of HAZ and TMAZ (footprints 2a, 2r), and HAZ (footprints 1a and 1r) as shown in Figure 
4.10. The footprints symbolized as 1a, 1r, 2a, 2r and 3 represent the positions of the specimen 
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inside the weld for each case resulting in average values of the weld’s mechanical properties 
in the specific area.  
 
 
Figure 4.10 Locations where the specimens have been extracted with regard to the 
microhardness profile and associated weld zones. 
 
The tensile test results are presented in Table 4.1, and the engineering stress-strain curves 
in Figure 4.11. The yield strength in the HAZ (footprints 1a and 1r, Figure 4.10) is slightly 
higher compared to the base metal.  The yield strength is found 325MPa in the BM and 
340MPa in the HAZ (footprint 1a and 1r), while the tensile strength is 477MPa and 482MPa 
in BM and HAZ respectively. The elongation at fracture is identical in both cases with a value 
of 18.7%. Footprints 1a, 1r are related to A200 material conditions (see Figure 4.5). The 
higher yield strength in A200 compared to T3 (BM) is discussed in the next paragraph. In the 
area with hardness gradient (footprints 2a and 2r, Figure 4.10) a reduction of 10% in yield 
strength and 16% in tensile strength is observed compared to the base metal. The elongation 
at fracture is reduced from 18.7% to 10%. In the weld nugget (footprint 3, Figure 4.10), a 
decrease of 14.5% and 10% in yield and tensile strength respectively is observed compared to 
the BM. The elongation at fracture is measured at 15.7%.  
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Table 4.1 Mechanical properties of weld material 
Specimen 
Yield 
strength 
σy0.2 (MPa) 
Elongation 
at fracture 
Α25 (%) 
Tensile 
strength 
σUTS (MPa) 
Strain 
hardening 
exponent n 
Strength 
coefficient 
H (MPa) 
BM (2024 T3, L-T direction) 
#1 327 18.5 480 0.131 700 
#2 323 19 474 0.133 690 
HAZ, Footprint 1a (Figure 4.10) 
#1 344 18 487 0.128 696 
#2 339 19 478 0.127 688 
HAZ, Footprint 1r (Figure 4.10) 
#1 338 19,4 481 0.126 690 
nugget, Footprint 3 (Figure 4.10) 
#1 275 16,5 416 0.174 657 
#2 281 14,9 442 0.155 644 
HAZ/TMAZ, Footprint 2a (Figure 4.10) 
#1 300 9 412 0.142 604 
#2 305 11 411 0.134 591 
HAZ/TMAZ, Footprint 2r (Figure 4.10) 
#1 291 9,8 395 0.143 582 
#2 274 10,9 384 0.156 588 
 
 
Figure 4.11 Engineering stress-strain curves of different 2024 T3 FSW zones. 
 
The values of strain hardening exponent (Table 4.1) were determined using a Ramberg-
Osgood relationship: 
 
σ = Hεp
n
      (4-1) 
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Equation (4-1) describes the material flow curve with σ and εp being the true stress-strain 
values, which are calculated from:  
σtrue = σeng(1+εeng)     (4-2) 
 
εtrue = ln(1+εeng)     (4-3) 
 
where σeng and εeng the engineering stress and strain values. 
The strain hardening exponent n is higher in the weld material compared to the BM in 
regions close to the weld nugget. The increase of exponent n is 9% and 25% in the HAZ 
(footprint 2) and nugget (footprint 3) respectively, compared to the BM. In the boundary 
region of HAZ and TMAZ (footprint 2), the overaging conditions modify the strain hardening 
behavior compared to the BM due to the Orowan bypassing mechanism of semi- or 
incoherent particles [44, 45]. In the weld nugget, the recrystallized microstructure results in a 
higher decrease of yield strength (reduction of 14.5%) with regard to the tensile strength 
(reduction of 10%) compared to the BM, which leads to an increase of the strain hardening 
exponent value. In the HAZ region close to the BM (footprint 1, Figure 4.10), the calculated 
value of the strain hardening exponent is comparable with the BM. 
Comparing the advancing and retreating side (footprints 1a and 1r) the properties are 
similar. Small differences are observed in regions close to the weld nugget (footprints 2a and 
2r) due to the dissimilar deformation behavior of the material caused by the rotation of the 
welding tool in these sides.  
 
4.3.1.2 Uniformly heat treated materials (A200, A250 and A300) 
The tensile properties of the uniformly heat treated materials in L and L-T directions are 
given in Table 4.2 and the engineering stress-strain curves are shown in Figures 4.12a and 
4.12b. In T3 condition, the yield strength of the material is 375MPa (325 MPa in L-T 
direction) and the tensile strength is 490MPa (477 MPa in L-T direction). The elongation at 
fracture is 19% in L direction and 15% in L-T direction. In the heat treated alloys, a decrease 
in yield strength with increasing aging temperature is observed. The reduction is 36% (25% in 
L-T direction) in A250 and 64% in A300 with respect to the T3 value. In A200 a slight 
increase of yield strength is observed due to the fact that A200 is closer to the peak-aged 
condition compared to T3 material (Figure 4.4a). The elongation at fracture for the three 
overaging conditions is reduced by 30% compared to the T3 state (47% ~ 60% in L-T 
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direction).  
 
  
(a) 
 
(b) 
Figure 4.12 Engineering stress-strain curves of T3 and overaged materials (a) L direction 
(b) L-T direction. 
 
As discussed previously, the strain hardening behavior is related to the overaging 
conditions of the aluminum alloy. Here, the strain hardening exponent increases with 
overaging temperature as shown in Table 4.2.  
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Table 4.2 Tensile test results of 2024 aluminum alloy in T3 and uniformly heat treated 
conditions 
  Yield 
strength 
σy0.2 (MPa) 
Elongation 
at fracture 
Α25 (%) 
Tensile 
strength 
σUTS (MPa) 
Strain 
hardening 
exponent n 
Strength 
coefficient 
H (MPa) 
L 
direction 
T3 375 15 490 0.120 694 
A200 395 9.5 460 0.069 590 
A250 240 10 355 0.161 604 
A300 135 11 285 0.242 594 
L-T 
direction 
T3 325 18.7 477 0.132 695 
A200 402 7.4 464 0.065 592 
A250 244 9.9 358 0.152 590 
 
In Figure 4.13 the stress-strain curves of A200 and A250 materials are compared with the 
behavior of the HAZ material (areas 1 and 2 in Figure 4.10). A good agreement in terms of 
strength and elongation is obtained, which confirms the reliability of the developed 
methodology for HAZ simulation. More importantly, the heat treated materials present similar 
strain hardening behavior with the HAZ material. This characteristic is used to develop the 
analytical part of the work in paragraph 5.1. 
 
 
Figure 4.13 Comparison of engineering stress-strain curves in T3, A200, A250 and HAZ 
materials. 
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4.3.2 Fracture Toughness 
In Figure 4.14 the force vs crack increment diagrams for T3 and A300 materials are 
displayed. In the T3 material the maximum force (mean value) for stable crack extension was 
7730 N, while in A300 the maximum force was 4382 N, a reduction of 43.3% compared to 
the T3 alloy. The above values result in a stress intensity factor Kmax= 63.45 MPam
1/2
 in T3 
alloy and 22.45 MPam
1/2
 in A300 material. The maximum stress intensity factor is considered 
as the fracture toughness value of the specific specimen configuration, which complies with 
LEFM conditions.  
 
 
Figure 4.14 Force vs crack length diagrams for T3 and A300 materials. 
 
Table 4.3 Fracture toughness results for T3 and A300 materials 
Material 
Maximum force  
Pmax (N) 
Stress intensity factor 
Kmax (MPam
1/2
) 
T3 
#1 7802 Mean value: 
7730 
63.42 Mean value: 
63.45 #2 7660 63.47 
A300 
#1 4175 Mean value: 
4382 
22.1 Mean value: 
22.45 #2 4590 22.8 
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4.3.3 Fatigue crack growth rates 
4.3.3.1 FSW material 
The fatigue crack growth rate in the weld material has been examined for the 
configurations FSW#1, FSW#2 and FSW#3 presented in paragraph 3.7.2 (Figure 3.14).  
 
 
Figure 4.15 Configurations FSW#1, FSW#2 and FSW#3 used to examine FCG behavior 
in the weld region. 
 
The results are presented in Figure 4.16. In FSW#1, rates are lower compared to FSW#2 
and FSW#3 in the same ΔΚ range. The lower FCG rates of FSW#1 are in agreement with [77, 
90, 101]. Regions dominated by compressive or low tensile residual stress fields retard fatigue 
crack propagation in opposition to regions with fully tensile residual stress fields, which 
accelerate crack growth. In FSW#2 and FSW#3, at lower ΔΚ values (11~12 MPam1/2) crack 
growth rates are in the same range, while at higher ΔΚ FSW#3 exhibits higher crack growth 
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rates. In both cases, the tensile residual stress field in the wake and in front of the crack plays 
a dominant role on FCG.  
The Paris equation constants, shown in Table 4.4, confirm the crack growth behavior 
analyzed above. Specimens FSW#2 and FSW#3 have similar D values, while parameter m is 
slightly higher in FSW#3. FSW#1 has the lowest D and the highest m value from the three 
cases examined.  
 
  
Figure 4.16 Fatigue crack growth rates versus stress intensity factor range for configurations 
FSW#1, FSW#2 and FSW#3. 
 
Table 4.4 Paris constants calculated for configurations FSW#1, FSW#2 and FSW#3 
 Specimen  Parameter m Parameter D 
FSW#1 #1 3.30 1.04 x10
-11 
#2 4.24 1.04 x10
-12
 
FSW#2 #1 2.37 3.68 x10
-10
 
#2 2.41 3.83 x10
-10
 
FSW#3 #1 2.37 3.96 x10
-10
 
#2 2.58 2.86 x10
-10
 
 
The crack closure measurements displayed in Figure 4.17 also corroborate the FCG rates 
observed. The higher levels of crack closure were found in FSW#1, which in the range 
ΔΚ=11-15 MPam1/2 presents Pop/Pmax values between 0.54 and 0.57. In FSW#2 and FSW#3, 
Pop/Pmax values where comparable in the same ΔΚ range (0.31-0.38), with a shift occurring in 
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the ΔΚ range 13-15MPam1/2. In this range, FSW#2 shows an increase in closure (0.42-0.48) 
with the respective FSW#3 values being 0.36-0.37. The above crack closure values are 
consistent with the FCG rates observed in Figure 4.16. For ΔΚ values higher than 15 
MPam
1/2
, a gradual drop of the crack closure is observed in all cases examined. At high ΔΚ 
values, the variation of the microstructure and residual stresses profile cannot influence 
significantly crack closure levels [24, 28, 121, 122]. 
The results showed that FCG rates in the weld region are strongly dependent on the 
position of the crack with regard to the weld center. Variation in microstructure and residual 
stress distribution in the crack plane result in different crack closure levels and FCG rates. 
The independent contribution of microstructure and residual stresses on FCG is analyzed in 
the next Sections. 
 
Figure 4.17 Variation of crack closure vs applied stress intensity factor range for 
configurations FSW#1, FSW#2 and FSW#3. 
 
4.3.3.2 Uniformly heat treated materials (A200, A250 and A300) 
The fatigue crack growth results for the T3 and uniformly heat treated materials are 
compared in Figures 4.18a and 4.19. For better clarity, in the Figures only 2 characteristic 
tests are presented for each material condition. Fatigue crack growth resistance is enhanced 
after overaging treatment and increases with the magnitude of overaging temperature. In 
Figure 4.18b the mean experimental fatigue lives for each condition are shown, taking into 
account the standard deviation. The outcome of Figure 4.19 is that crack growth rates in A250 
and A300 materials are lower than in T3 material, in the whole ΔΚ range examined, with the 
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A300 exhibiting superior crack growth resistance. The effect is more noticeable in the lower 
ΔΚ range between 12-15 MPam1/2. In the case of A200, FCG rates are comparable to the rates 
of T3 material. 
The Paris equation constants were determined from the experimental results and are 
presented in Table 4.5. The value of parameter D decreases with increasing aging 
temperature, which agrees with the lower crack growth rates in the overaged material 
described previously. 
 
(a) 
 
(b) 
Figure 4.18 (a) Constant stress amplitude crack growth curves in T3, A200, A250 and A300 
materials (b) Fatigue lives obtained from (a-N) curves given as mean values with standard 
deviation (s.d.). 
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Figure 4.19 Fatigue crack growth rates vs. stress intensity factor range (dα/dN-ΔΚ) in T3, 
A200, A250 and A300 materials. 
 
Table 4.5 Values of Paris constants D and m 
Specimen number Parameter m Parameter D 
T3 #1 1.78 
mean value: 
2.01 
1.9x10
-9 
mean value: 
7.51x10
-10
 
#2 2.15 2.24 x10
-10
 
#3 2.19 3.5x10
-10
 
#4 1.80 8.55 x10
-10
 
#5 1.93 8.88 x10
-10
 
#6 2.21 2.93 x10
-10
 
A200 #1 2.23 mean value: 
2.33 
3.53 x10
-10
 mean value: 
6.65 x10
-10
 
 
#2 2.94 5.33 x10
-11
 
#3 1.84 1.58 x10
-9
 
A250 #1 1.89 
mean value: 
2.17 
1.44 x10
-9
 
mean value: 
5.93 x10
-10
 
#2 2.64 5.59 x10
-11
 
#3 2.01 9.83 x10
-10
 
#4 2.26 3.63 x10
-10
 
#5 2.34 2.29 x10
-10
 
#6 1.88 4.88 x10
-10
 
A300 #1 2.91 
mean value: 
2.72 
1.18x10
-11
 
mean value: 
2.96 x10
-11
 
#2 2.51 5.24 x10
-11
 
#3 2.85 1.57x10
-11
 
#4 2.51 5.24 x10
-11
 
#5 2.85 1.57x10
-11
 
 
The measurements of crack closure during FCG are presented in Figure 4.20a. The 
magnitude of crack closure increases steeply with increasing overaging temperature in the 
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range 11-15 MPam
1/2
, which agrees with the lower D values shown in Table 4.5 (taking into 
account that variation of parameter m between the materials is small).  
In Figure 4.20b the FCG rates are compared for all materials using the effective stress 
intensity factor range ΔΚeff. ΔΚeff was calculated according to [114], where Kop is the stress 
intensity factor for the measured Pop (crack opening load). 
  
ΔKeff = Kmax - Kop       (4-4) 
 
 For the calculation of Κop, a mean value of Pop was used for each material in the range 11-
21 MPam
1/2
. The mean values of Pop were 0.65, 0.65, 0.85 and 1 kN for T3, A200, A250 and 
A300 materials respectively. With consideration of ΔΚeff values, crack growth rate levels are 
converging in a narrow band, which demonstrates the influence of crack closure on FCG 
rates. 
The results are in agreement with the fact that crack closure is generally more dominant at 
lower ΔΚ levels [24, 28, 121, 122] and that crack closure levels increase with the magnitude 
of aging temperature, which rationalizes the FCG performance observed in Figure 4.19. 
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(a) 
 
(b) 
Figure 4.20 (a) Crack closure vs applied stress intensity factor range in T3 and overaged 
materials (b) Fatigue crack growth rates vs. effective stress intensity factor range in T3 and 
overaged materials. 
 
In the micrographs of Figure 4.21 segments of fracture surfaces of Τ3 and A300 materials 
are presented. The fracture characteristics of A300 material (Figure 4.21b) are more brittle 
compared to T3 (Figure 4.21a), and are characterized by radiating ridges from the notch tip, 
sign of the crack changing slip planes during crack growth [123]. Thus, the fracture path in 
A300 includes more surface irregularities than T3, which are expected however to have small 
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contribution to the measured crack closure levels in the intermediate ΔΚ region. This effect 
has been shown to be significant in microstructures with variations in grain morphology 
characteristics resulting in significant crack path tortuosity [38, 40], which is not the case in 
the present study. 
 
Figure 4.21 Images taken with optical stereoscopy showing segments of fracture surface 
characteristics during FCG of (a) Τ3 material (b) A300 material. 
 
In the micrographs of Figure 4.22 the fracture surfaces of T3 and A300 materials taken at 
a crack length of 16mm (ΔΚ value of 12 MPam1/2) are displayed. The micrographs show a 
semi-cleavage fracture pattern in T3 alloy consisting of dimples as well as cleavage facets 
(Figure 4.22a). Fracture surfaces of A300 material include larger brittle regions compared to 
T3 (Figure 4.22b). This may explain the lower fracture toughness values obtained in A300 
compared to T3 alloy (paragraph 4.3.2). The more brittle behavior in combination with the 
lower crack growth rates in the overaged alloy found previously, suggest that the important 
factor contributing to crack closure is cyclic strain hardening at the crack tip rather than 
accumulation of cyclic plasticity. Cyclic strain hardening reduces the ability of the material to 
plastically deform at the crack front. According to the work in [42], this has been associated 
with extension of the plastic deformation to the back of the crack tip enhancing crack closure. 
The influence of overaging on cyclic strain hardening is studied in paragraph 4.3.4. 
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(a)     (b) 
Figure 4.22 SEM micrographs showing fracture surface characteristics during FCG in (a) Τ3 
condition (b) A300 material. 
 
4.3.3.3 Material with hardness (strength) gradient 
The FCG results of specimens including a positive or negative strength gradient are 
displayed in Figures 4.23a and 4.23b. They are compared with material conditions at the time 
that the crack enters the gradient (e.g. notch tip). The material conditions at the notch tip for a 
specimen with a positive strength gradient are that of A250 material, and for a specimen with 
negative strength gradient are that of A200 material (Figures 3.15a and 3.15b). 
In the positive strength gradient (Figure 4.23a), crack growth rates are higher with regard 
to the reference condition. In the negative strength gradient, FCG rate is not significantly 
influenced by the presence of the gradient, as shown in Figure 4.23b. 
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(a) 
 
(b) 
Figure 4.23 Fatigue crack growth rates vs stress intensity factor range (dα/dN-ΔΚ) in (a) 
A250 and material with positive strength gradient (b) A200 and material with negative 
strength gradient. 
 
In Figures 4.24 and 4.25 fracture surfaces at crack lengths 15mm (area A) and 25mm (area 
B), corresponding to ΔΚ values of 11 and 20 MPam1/2 respectively, are displayed. In both 
gradients a semi-cleavage fracture pattern is observed with the cleavage characteristics more 
pronounced in area A. By comparing areas A and B for the two gradients, the characteristics 
are similar consisting of dimples as well as cleavage facets. 
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Figure 4.24 Fracture surface characteristics of specimen with positive strength gradient at 
ΔΚ values a) ΔΚ=11 MPam1/2 b) ΔΚ=20 MPam1/2. 
 
 
Figure 4.25 Fracture surface characteristics of specimen with negative strength gradient at 
ΔΚ values a) ΔΚ=11 MPam1/2 b) ΔΚ=20 MPam1/2. 
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The results show that strength gradients may influence fatigue crack growth rate in 2024 
T3 aluminum alloy. The effect is more noticeable when a crack encounters a gradient with an 
increasing slope. In [46] the role of gradients has been explained with the interactions of 
plastic zone size and their effect on crack growth rate. The complex mechanisms influencing 
crack growth rate in the cases examined, require further investigation to assess which 
influence is more pronounced on fatigue crack growth, which exceed the scope of the present 
study. 
 
4.3.4 Strain controlled cyclic tests 
In this paragraph, the cyclic strain hardening behavior of A250 and A300 materials is 
studied and compared to the material in T3 state. In Figure 4.26 the experimental strain-life 
curves are shown. Fatigue lives for a plastic strain range between 0.08% and 0.1% are higher 
in the overaged materials compared to T3. The A250 and A300 materials showed similar LCF 
behavior. 
The Coffin-Manson parameters have been determined based on equation: 
 
𝜀𝑝,𝑎 = 𝜀𝑓
′ (2𝑁𝑓)
𝑐
     (4-5) 
 
where εf
’
 is the fatigue ductility coefficient and c is the fatigue ductility exponent [61, 62].  
The experimental constants of equation (4-5) are given in Figure 4.26.  
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Figure 4.26 Strain-life curves of T3, A250 and A300 materials. 
 
To examine the cyclic hardening behavior, the evolution of peak stress during cyclic 
loading with the number of cycles are compared for a plastic strain range 0.2% and 0.45% in 
Figures 4.27a and 4.27b. Tension and compression stress peaks increase with the number of 
cycles, with the compression curve lying on, or slightly above the respective tension curve, 
indicating absence of Bauschinger effect. During the initial phase, cyclic hardening occurs, 
leading to an increase in tensile peak stresses σp, followed by an extended phase of maximum 
cyclic stress saturation Nsat (during which stresses present a variation of less than 2.5%). The 
fatigue lives obtained for both strain levels are higher for A300 material, an indication of 
higher low cycle fatigue resistance compared to the T3 material. The cyclic hardening 
magnitude (percentage increase in stress amplitude) has been determined for the Nhardening 
phase, which precedes the Nsat phase, as shown in Figure 4.27. For 0.2% plastic strain range 
the increase in stress amplitude is 11% in the T3 material, at the stabilized cyclic stress-strain 
behavior, whereas in the overaged material the increase is 25%. At 0.45% plastic strain range 
the respective Δσ increase is 17% for T3 material and 26% for the overaged material. At 0.2% 
plastic strain range, the fatigue crack initiation phase (Nini) is noticeable at the end of Nsat 
phase, where a drop in maximum stresses is observed. At 0.45% plastic strain range, the 
respective crack initiation period was very small, and sudden fracture occurred at the end of 
Nsat phase. 
Based on the test results it can be concluded that the A300 material presents higher cyclic 
hardening potential than the 2024 alloy in T3 condition. 
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(a) 
 
(b) 
Figure 4.27 Evolution of peak stress with number of cycles for plastic strain range of 0.2% 
and 0.45% in (a) T3 and (b) A300 material. 
 
The cyclic stress-strain curves are plotted up to a strain range of 2% (Figure 4.28). T3 and 
A300 materials exhibit cyclic strain hardening with the cyclic curve positioned above the 
respective monotonic behavior. An increase in cyclic yield strength (σc0.2) due to cyclic 
hardening, of 37% and 16% in A300 and T3 materials respectively, compared to the 
monotonic behavior is obtained. The cyclic strain hardening exponent n΄ and cyclic strength 
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coefficient H΄ were assessed with the Ramberg-Osgood equation [25]:  
 
1
'2 2 2
n
E H
      
   
 
      (4-6) 
 
 The constants n΄, H΄ of equation (4-6) are given in Table 4.6 and are compared with the 
respective n and H values for the monotonic behavior. Cyclic strain hardening exponents after 
overaging are significantly increased compared to the initial T3 condition. Interesting is the 
cyclic stress-strain response in A250, which initially reveals smaller cyclic strain hardening 
compared to T3 and A300 alloys, that increases gradually for higher strain values, a behavior 
which requires further investigation. 
 
 
Figure 4.28 Monotonic & cyclic stress- strain curves of T3, A250 and A300 materials.  
 
Table 4.6 Cyclic and monotonic properties of T3, A250 and A300 materials 
 Yield 
strength 
σ0.2 (MPa) 
Cyclic yield 
strength 
σc0.2 (MPa) 
Strain 
hardening 
exponent n 
Strength 
coefficient 
H (MPa) 
Cyclic strain 
hardening 
exponent n΄ 
Cyclic strength 
coefficient  
H΄ (MPa) 
T3 375 445 0.120 694 0.042 576 
A250 245 245 0.161 604 0.148 568 
A300 135 185 0.242 594 0.211 674 
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Chapter 5: Fatigue crack growth analysis in weld material under 
mode I loading 
In this Chapter, an analytical model is developed, which uses the experimental findings of 
Chapter 4 to predict fatigue crack growth rate under mode I loading in the weld region. The 
model takes into account both factors influencing fatigue crack growth discussed previously, 
which are the variation in microstructure and the residual stresses. In the implementation of 
the model, the two effects are analyzed separately.  
 
5.1 Modelling the effect of microstructure (HAZ) on fatigue crack growth 
Modelling the influence of microstructural effects on fatigue crack growth is very 
complex and requires a thorough understanding of how damage accumulates and propagates 
in a multiscale nature. Even more so, in case of weld material where variation of 
microstructure appears. Modelling tools to predict fatigue crack growth rely mostly on macro-
mechanical parameters, which are influenced by the underlying microstructure [55-57, 63, 
64]. A similar approach is proposed here, to include in the macro-scale analysis an 
appropriate parameter, related to the microstructural changes in the weld region, which is 
representative of the material condition in micro-scale. Based on the studies in [41-43], cyclic 
strain hardening at the crack tip is related to the closure levels of the advancing crack and 
hence fatigue crack growth rate. The cyclic strain hardening behavior is influenced by the 
overaging condition of the material (see paragraph 4.3.4). This dependency has been 
exploited in the analysis, to account for microstructural variations through the varying cyclic 
strain hardening properties in the weld material and specifically in the HAZ. 
 
5.1.1 Critical Energy dissipation for crack growth 
A material degrades under fatigue by damage accumulation after each cycle of loading 
initially in the form of cyclic plasticity and then under crack propagation [124]. In many 
analytical approaches crack growth is assumed to occur incrementally after a critical number 
of fatigue cycles [55-57, 64]. In the proposed model the crack growth increment is considered 
equal to a material element with width Δr at the crack plane (Figure 5.1). On this basis, a 
crack increment of size Δr occurs after a critical number of cycles ΔΝ. Based on these 
assumptions, a crack propagation rate can be calculated from equation: 
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𝑑𝑎
𝑑𝑁
=
𝛥𝑟
𝛥𝛮
       (5-1) 
 
It is assumed that the material element at the crack tip of width Δr, is subjected to low 
cycle fatigue conditions [54-57, 63] with an average constant plastic strain range Δεpm.  
 
 
Figure 5.1 Material element ahead of the crack tip subjected to low cycle fatigue 
conditions. 
 
When a specimen is subjected to cyclic plastic straining, the strain amplitude Δε can be 
expressed in terms of the applied stress range Δσ with the Ramberg-Osgood equation in the 
form: 
 
𝛥𝜀
2
=
𝛥𝜎
2𝛦
+ (
𝛥𝜎
2𝛨′
)
1
𝑛′⁄
     (5-2) 
 
In equation (5-2), H΄ is the cyclic strength coefficient and n΄ is the cyclic strain hardening 
exponent. In Figure 5.2 a stabilized hysteresis loop is shown under a constant plastic strain 
range Δεp for a strain hardening material. The dissipated plastic strain energy per cycle, is the 
area of the hysteresis loop and for a Masing material behavior can be described by [60]: 
 
𝛥𝑊 = 2𝜎𝛢𝛥𝜀𝑝 (
1−𝑛′
1+𝑛′
)      (5-3) 
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Figure 5.2 Hysteresis loop for a Masing material. 
 
Failure occurs when a critical amount of energy Wf is accumulated in the material after a 
finite number of loading cycles ΔΝ. By assuming that the energy per cycle is nearly constant 
throughout the fatigue test, the total plastic strain energy until fracture may be approximated 
by [60]: 
 
𝑊𝑓 = 𝛥𝑊 ∙ 𝑁𝑓 = 2𝜎𝐴 ∙ 𝛥𝜀𝑝 (
1−𝑛′
1+𝑛′
) 𝑁𝑓    (5-4) 
 
If the critical amount of energy Wf for the material volume of Figure 5.1 is known, the 
critical number of cycles necessary for incremental crack growth can be calculated form 
equation (5-4). To estimate the value Wf the strain energy density theory is implemented. 
 
5.1.2 Strain energy density criterion 
In the strain energy density theory (SED) developed by Sih [125, 126], the fundamental 
quantity is the strain energy density dW/dV contained in a unit volume of material at a given 
instant of time. The strain energy density function dW/dV with the distance r from the crack 
tip, has the form: 
 
𝑑𝑊
𝑑𝑉
=
𝑆
𝑟
      (5-5) 
 
where S is the strain energy density factor and r the radial distance measured from the site of 
possible failure initiation.  
The three basic hypotheses of the strain energy density criterion are: 
 i) The location of fracture coincides with the location of the relative minimum strain 
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energy density, (dW/dV)min, and yielding with relative maximum strain energy density, 
(dW/dV)max. 
ii) Failure by fracture or yielding occurs when, (dW/dV)min or (dW/dV)max reach their 
respective critical values. 
iii) The crack growth increments r1,r2,…rj,…,rc during stable crack growth satisfy the 
equation: 
 
(
𝑑𝑊
𝑑𝑉
)
𝑐
=
𝑆1
𝑟1
=
𝑆2
𝑟2
= ⋯ =
𝑆𝑗
𝑟𝑗
= ⋯ =
𝑆𝑐
𝑟𝑐
      (5-6) 
 
There is unstable fracture or yielding, when the critical ligament size rc is reached. In this 
case, Sc is the critical value of the strain energy density factor, which is a material constant 
related with the fracture toughness of the material. 
For linear isotropic elastic material behavior, the shear modulus of elasticity is given by: 
 
𝜇 =
𝛦
2(1+𝜈)
     (5-7)  
 
where E is the Young modulus and ν is the Poisson ratio.  
For Mode I, plane stress problems, the minimum strain energy density factor Smin can be 
expressed as [127]: 
𝑆𝑚𝑖𝑛 =
(𝜅−1)𝜎2𝛼
8𝜇
     (5-8) 
 
where  𝜅 =
3−𝜈
1+𝜈
  for generalized plane stress.  
Equating Smin with Sc, the following expression for the critical stress σc for onset of crack 
extension is obtained: 
𝜎𝑐𝑎
1
2⁄ = (
8𝜇𝑆𝑐
𝜅−1
)
1
2⁄
      (5-9) 
 
For a mode I crack the stress intensity factor KI becomes critical at the condition of 
unstable extension under plane stress: 
 
𝛫𝑐𝑟 = 𝜎𝑐𝑌√𝜋𝛼      (5-10) 
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where factor Y is a function of crack length and structural geometry. In the present analysis Y 
will be considered equal to 1 (Y=1 for the case of a central crack of length 2a, in an infinite 
sheet). 
With the use of the equation (5-10), equation (5-9) becomes for plane stress:  
 
𝑆𝑐 =
(1−𝑣)𝐾𝑐𝑟
2
2𝜋𝛦
         (5-11) 
 
5.1.3 Crack growth under cyclic loading 
Assuming that the total plastic energy for fracture (Wf), given from equation (5-4) can be 
approximated by the critical strain energy per unit volume (dW/dV)c from the SED criterion 
in equation (5-6), the following expression for Wf can be derived with the use of equation (5-
11): 
𝑊𝑓 =
(1−𝑣)𝛫𝑐𝑟
2
2𝜋𝛦𝑟𝑐
      (5-12)  
 
With the use of equations (5-12) and (5-4), the critical number of cycles Nf for a crack 
increment Δr = rc can be obtained by: 
 
𝑁𝑓 =
(1−𝑣)𝛫𝑐𝑟
2 (1+𝑛′)
4𝜋𝛦𝑟𝑐𝜎𝛢𝛥𝜀𝑝(1−𝑛′)
     (5-13) 
 
In equation (5-13), σA is the stress amplitude at the position of fracture rc. Assuming small 
scale plasticity, the stress amplitude σA in an isotropic linear elastic material for mode I 
loading is given by [128]:  
 
𝜎𝛢 =
𝛥𝜎𝛪
2
=
𝛥𝜎∞𝛶√𝜋𝛼
√2𝜋𝑟𝑐
=
𝛥𝛫
√2𝜋𝑟𝑐
   (5-14) 
 
where ΔσI is the stress range at the position of fracture rc, and Δσ∞ is the macroscopic applied 
stress range. 
With the hypothesis that the average plastic strain range Δεpm in equation (5-13) for a 
stabilized hysteresis loop remains constant during cyclic loading, it can be assumed that 
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Δεpm= Δεp, which is evaluated from the Coffin-Manson relationship [61, 62]: 
 
𝛥𝜀𝑝 = 2𝜀𝑓
′ (2𝑁𝑓)
𝑐
      (5-15) 
 
where εf΄ is the fatigue ductility coefficient and c is the fatigue ductility exponent. 
With the use of equations (5-14) and (5-15), the critical numbers of cycles for failure can 
be calculated from: 
 
𝑁𝑓 = [
(1−𝑣)𝛫𝑐𝑟
2 (1+𝑛′)√2𝜋
4𝜋𝛦√𝑟𝑐(𝛥𝛫)2𝑐+1𝜀𝑓
′ (1−𝑛′)
]
1
𝑐+1⁄
    (5-16) 
 
With ΔΝ=Νf, Δr in equation (5-1) becomes rc. Hence, substitution of equation (5-16) in 
equation (5-1) leads to the crack growth equation: 
 
𝑑𝛼
𝑑𝑁
= 𝑟𝑐
2𝑐+3
2𝑐+2 [
4√𝜋𝛦2
(𝑐+
1
2)(1−𝑛′)𝜀𝑓
′
(1−𝑣)𝛫𝑐𝑟
2 (1+𝑛′)
]
1
𝑐+1⁄
(𝛥𝛫)
1
𝑐+1⁄    (5-17) 
 
Equation (5-17) is a Paris-type crack growth law with a more physical interpretation of 
material constants D and m, which are replaced by actual mechanical properties. For the 
proposed model the Paris constants D and m are determined from: 
 
𝐷 = 𝑟𝑐
2𝑐+3
2𝑐+2 [
4√𝜋𝛦2
(𝑐+
1
2)(1−𝑛′)𝜀𝑓
′
(1−𝑣)𝛫𝑐𝑟
2 (1+𝑛′)
]
1
𝑐+1⁄
    (5-18) 
 
and 
𝑚 =
1
𝑐+1
      (5-19) 
 
which depend on the material. 
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Equation (5-17) can be written in the following simplified form: 
 
𝑑𝛼
𝑑𝑁
= 𝐴𝑘𝐵𝑚(𝛥𝛫)𝑚     (5-20) 
   
where parameter m is expressed by equation (5-19) and 
 
𝐴 = 𝑟𝑐       (5-21) 
 
𝑘 =
2𝑐+3
2𝑐+2
       (5-22) 
 
𝐵 = [
4√𝜋𝛦2
(𝑐+
1
2)(1−𝑛′)𝜀𝑓
′
(1−𝑣)𝛫𝑐𝑟
2 (1+𝑛′)
]     (5-23) 
 
Parameters n΄, Kcr, c, εf΄, Ε can be determined experimentally.  
In applying equation (5-17) to predict fatigue crack growth in the weld material, the 
microstructural influence is considered in the model using the cyclic strain hardening 
parameter n΄, which has been evaluated in paragraph 4.3.4 for different locations in the HAZ. 
Parameters Kcr, c, εf΄ also vary inside the HAZ, but in the present analysis they are taken as 
reference values from initial 2024 T3 material. Parameter A contains the critical distance rc 
where the strain energy density factor reaches the critical value Sc. In the SED criterion rc is 
used arbitrarily with no physical interpretation, providing that the material behavior is 
predominantly elastic at the tip of the crack. For ductile materials such condition cannot be 
fulfilled and small scale plasticity at the tip of the crack is always present. Parameter rc is 
correlated here with a physical, measurable parameter during fatigue crack propagation, 
which is the striation spacing as it will be shown in the next Chapter.  
 
5.2 Modelling the effect of residual stresses on fatigue crack growth 
The basic analytical approaches for simulation of residual stresses on FCG problems have 
been presented in paragraph 2.3. In the present methodology to simulate the effect of residual 
stresses on FCG, the superposition approach (see paragraph 2.3.2) has been used. In the 
superposition approach, the maximum Κmax and minimum Κmin stress intensity factors are 
derived from superposition of external loads and residual stresses, and the FCG rates are a 
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function of the applied stress intensity factor range ΔΚapp and effective stress ratio Reff. The 
effective stress ratio Reff is a function of the applied and residual stress intensity factors 
(Κmax,app, Κmin,app, Κres) and can be calculated from equation (2-27). Κres and Reff vary with the 
position of the crack inside the residual stress field.  
In the model, to include the effective stress ratio in fatigue crack growth analysis, the 
crack growth equation proposed by Elber [26, 27] has been implemented, which accounts for 
the effect of stress ration on fatigue crack growth: 
 
𝑑𝑎
𝑑𝑁
= 𝐷∗(𝑈𝛥𝛫)𝑚      (5-24) 
 
where 
𝑈 = 0.5 + 0.4𝑅     (5-25) 
 
m and D
*
 are material constants. To account for the influence of residual stresses on FCG in 
equation (5-25) the stress ratio has been replaced by the effective stress ratio Reff. 
The variation of residual stress intensity factor, Kres is determined with Bueckner’s weight 
function [86], using equation (2-32).  
The simultaneous influence of weld microstructure and residual stresses is taken into 
account using equations (5-20) and (5-24): 
 
𝑑𝛼
𝑑𝑁
= 𝐴𝜅𝐵𝑚(𝑈𝛥𝛫)𝑚     (5-26) 
 
where parameters A, k, B and U are given by equations (5-21), (5-22), (5-23) and (5-25) 
respectively. The microstructural influence is considered via the cyclic strain hardening 
parameter n΄ included in parameter B and the influence of residual stresses through the 
effective stress ratio Reff included in parameter U. 
In equation (5-26), the stress intensity factor range ΔΚ for a C(T) specimen geometry is 
calculated from [114]: 
 
𝛥𝛫 =
𝛥𝑃
𝐵√𝑊
(2+𝑠)
(1−𝑠)
3
2
(0.886 + 4.64𝑠 − 13.32𝑠2 + 14.72𝑠3 − 5.6𝑠4)  (5-27) 
 
where ΔP is the applied force range, B the specimen’s thickness, W the specimen’s width 
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and s = α / W the ratio of crack length to specimen’s width. 
For the calculation of crack length, a numerical integration of equation (5-26) is 
performed in the form: 
 
      (5-28) 
 
In equation (5-28), α is the actual crack length, αi is the crack length before the application of 
the i-th cycle, Nf is the critical number of cycles for failure and Δαi is the crack increment 
after one cycle of loading. Δαi is calculated for each loading cycle with numerical integration 
of equation (5-26).  
 
  
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 09:28:38 EET - 137.108.70.7
77 
 
Chapter 6: Fatigue crack growth simulation in FSW    
In Chapter 6, the model is used to predict the mode I fatigue crack propagation rate 
perpendicular to an FSW weld (Figure 1.2). Firstly, the model is implemented to predict 
fatigue crack growth rate in uniformly heat treated materials A250 and A300, to evaluate the 
ability of the model to simulate the overaged microstructure on crack propagation rate. Then, 
the ability of the model to simulate the growth of a fatigue crack propagating in the specimen 
with the strength gradient is evaluated. Finally, the model is implemented to simulate fatigue 
crack growth rate in the FSW material. In all cases the analytical predictions are compared 
with experimental results from Chapter 4. In the analysis, the sensitivity of the model to the 
value of parameter rc is examined. Also, the crack growth ligament rc is compared to the 
plastic zone size in the C(T) specimen, applicability of small scale plasticity conditions is 
discussed, and a physical interpretation of parameter rc is attempted. 
 
6.1 Fatigue crack growth simulation in uniformly heat treated material 
Simulation of fatigue crack growth is made using the crack growth equation (5-20) with 
material parameters given in Table 6.1, from T3 material. To consider the material condition 
in overaged state (A250 and A300), the cyclic hardening exponent n΄ for each condition was 
implemented. As fracture criterion the critical stress intensity factor Kcr was used. The 
quantity rc is determined from fitting dα/d-ΔΚ data for the T3 material, for the given set of 
parameters in Table 6.1.  
 
Table 6.1 Parameters of equation (5-20) used in the analysis 
Cyclic 
hardening 
exponent n΄ 
Parameter 
rc 
(m) 
Coffin-
Manson  
exponent c 
Coffin-
Manson 
parameter  εf΄ 
critical stress 
intensity 
factor  Kcr 
(MPam
1/2
) 
Young’s 
modulus E 
(GPa) 
Poisson 
ratio ν 
    T3: 0.042 
A250: 0.148 
A300: 0.211 
1.291x10
-6 -0.6 0.13 60 73.1 
taken from [118] 
0.33 
taken from [118] 
 
The analytical results are shown in Figure 6.1. In A250 a fairly good agreement with 
experimental data is obtained. In A300 the analysis overestimates the experimental FCG rates. 
In Table 6.3 the experimental and analytical Nf are compared as mean values.  
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Figure 6.1 Experimental and computed fatigue crack growth rates vs. stress intensity factor 
range (dα/dN-ΔΚ) in T3, A250 and A300 materials. The analytical results were obtained for 
c=-0.6 and rc=1.291x10
-6
 m. 
 
The results of Figure 6.1 are obtained using a Coffin-Manson parameter value c=-0.6 
(Table 6.1). This is an average c value for metallic materials, in the range -0.5 ~ -0.7 [129]. 
Using in the analysis the mean value c=-0.7 for materials T3, A250 and A300 obtained in 
paragraph 4.3.4, which lies in the upper bound of the parameter c range [129], parameter rc is 
recalculated for fitting T3 data (rc=1.853x10
-6
 m). For c=-0.7, the behavior of the uniformly 
heat treated materials is significantly improved (Figure 6.2). 
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Figure 6.2 Experimental and computed fatigue crack growth rates vs. stress intensity factor 
range (dα/dN-ΔΚ) in T3, A250 and A300 materials. The analytical results were obtained for 
c=-0.7 and rc=1.853x10
-6
 m. 
 
A more detailed examination to investigate the sensitivity of the analytical results on the 
parameter rc is performed next. In Table 6.2, the rc values after fitting the dα/dN-ΔΚ 
experimental curves for T3, A250 and A300 materials are given. The values are in the same 
order of magnitude for all materials and differences are small.  
 
Table 6.2 Values of rc for T3, A250 and A300 materials for c=-0.6 
 parameter rc (m) 
T3 1.291x10
-6 
mean: 
1.329x10
-6 
A250 1.538x10
-6 
A300 1.158x10
-6 
 
In Figure 6.3 the analytical dα/dN-ΔΚ curves are plotted using the mean value of 
parameter rc,mean from Table 6.2. Comparing the analytical results of Figure 6.3 (rc,mean) with 
the results of Figure 6.1 (rc from T3 material) the differences are negligible.  
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Figure 6.3 Experimental and computed fatigue crack growth rates vs. stress intensity factor 
range (dα/dN-ΔΚ) in T3, A250 and A300 materials evaluated for rc,mean=1.329x10
-6
 m. 
 
Table 6.3 Experimental (mean values) and analytical results for T3, A250 and A300 materials 
 Τ3 Α250 Α300 
Νf 
Experimental 86420 99433 260775 
Analytical  
c=-0.6, rc=1.291x10
-6
 m (Figure 6.1) 86420 147500 204200 
c=-0.7, rc=1.853x10
-6
 m (Figure 6.2) 86420 176300 272000 
c=-0.6,  rc,mean=1.329x10
-6
 m (Figure 6.3) 80950 138200 191300 
 
6.1.1 Physical interpretation of parameter rc  
A main assumption in the model is that crack propagation occurs incrementally and the 
increment is equal to the distance rc. A physical parameter, which is associated with the 
magnitude of crack advance during fatigue crack propagation is the striation spacing [24]. It is 
still controversial whether a single striation spacing corresponds to the damage accumulated 
during a single loading cycle or after accumulation of several fatigue cycles [130-135]. Based 
on the assumption used in the model, an attempt is made to correlate distance rc with 
measured striation spacings from fractographic images. In the micrographs of Figures 6.4a 
and 6.4b, fatigue striations observed on the fracture surface of 2024 T3 specimen taken with 
SEM at ΔΚ values corresponding to ΔΚ=11 MPam1/2 and 20 MPam1/2 are shown. The mean 
striation spacing is 1.5x10
-6
 m. The mean value of rc for T3, A250 and A300 is 
rc,mean=1.329x10
-6
 m (Table 6.2). Comparing the rc,mean value with the mean striation spacing, 
the agreement is very good. Also, the small differences observed in striation spacings as the 
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crack propagates from a ΔΚ value ΔΚ=11 MPam1/2 to a ΔΚ=20 MPam1/2 make the use of a 
constant rc in the analysis rational. This observation renders the use of rc as a fitting parameter 
in the present analysis not arbitrary and provides a physical meaning for it, based on 
experimental evidence. 
 
   
(a)       (b) 
Figure 6.4 SEM micrographs showing fatigue striations on fracture surface during FCG in 
2024 T3 AA at stress intensity factor range a) ΔΚ=11 MPam1/2 b) ΔΚ=20 MPam1/2. 
 
6.1.2 Comparison of parameter rc with the size of the plastic zone 
In the SED criterion parameter rc is used arbitrarily with no physical interpretation, 
providing that the material behavior is predominantly elastic. For ductile materials such 
condition cannot be fulfilled and small scale plasticity is always present at the tip of the crack. 
A comparison of the rc value to the plastic zone size associated to the geometry and loading 
condition of the C(T) specimen is performed in this paragraph. The size of the monotonic (ry) 
and cyclic plastic zone (rcy) under plane stress conditions was determined. The plastic zone 
size was evaluated at the initial stage of fatigue crack growth at a ΔΚ value of 11 MPam1/2 
using the formulation [129]: 
𝑟𝑦 =
1
2𝜋
(
𝐾𝑚𝑎𝑥
𝜎𝑦0.2
)
2
     (6-1) 
 
𝑟𝑐𝑦 =
1
8𝜋
(
𝐾𝑚𝑎𝑥
𝜎𝑦0.2
)
2
     (6-2) 
 
Parameter rc in the present analysis has a mean value of rc,mean=1.329x10
-6
 m. The comparison 
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of plastic zone size and parameter rc is shown in Table 6.4. 
 
Table 6.4 Comparison of monotonic & cyclic plastic zone size at ΔΚ=11MPam1/2 
(Kmax=12MPam
1/2
) with parameter rc in 2024 T3 AA 
 ry 
(mm) 
rcy 
(mm) 
rc,mean 
(mm) 
2024 T3 163.057 x10
-6
 40.764 x10
-6
 1.329x10
-6
 
 
The size of cyclic plastic zone is significantly larger, which means that distance rc is 
trapped in an area where small scale plasticity prevails. This point provides a small 
controversy for the application of the SED criterion. On the other hand, linear elastic (LEFM) 
conditions based on the ASTM standard for the C(T) specimen configuration exist [114]. A 
strong case for using parameter rc in the model is that it correlates very well with the size of 
the striation spacing observed experimentally, which is a physical, measurable parameter 
during fatigue crack propagation. 
 
6.1.3 Fatigue crack growth analysis in specimen with hardness (strength) gradient  
The ability of the model to predict FCG in the C(T) specimen with a strength gradient is 
examined in this paragraph, to further assess the ability of the model to simulate FCG in the 
HAZ. 
In this case, the variation of cyclic strain hardening exponent n΄ within the gradient was 
considered. In order to use the variation of n΄ as input in the model, firstly the microhardness 
gradient at the crack path was determined (Figure 6.5) and was correlated empirically with the 
variation of local strength. The hardness values of the uniformly heat treated materials were 
related to the local yield strength values in the HAZ using the empirical equation: 
  
𝜎𝑦 = 3𝐻𝑣 − 90      (6-3) 
 
which was obtained from the experimental findings in paragraphs 4.1.2 and 4.3.1. Then, the 
value n΄ inside the gradient was calculated from linear interpolation (equation in Figure 6.6). 
The calculated path is shown in Figure 6.7. A linear dependency of n΄ value from the local 
yield strength inside the gradient is considered, which is given in Figure 6.6. 
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(a) 
 
(b) 
Figure 6.5 Hardness and yield strength profiles of specimens with (a) negative and (b) 
positive strength gradient 
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Figure 6.6 Empirical correlation between the cyclic strain hardening exponent (n΄) and 
the yield strength (σy0.2) for 2024 material 
 
 
Figure 6.7 Calculation path of cyclic strain hardening exponent n΄. 
 
The results are shown in Figures 6.8a and 6.8b. The analytical prediction underestimates 
the rate of FCG in the positive gradient and describes fairly well the behavior in the negative 
gradient lying on the lower bound of experimental crack growth results. Further investigation 
is required to explain the inconsistency observed, especially in the case of positive gradient. 
The role of plastic zone size interaction due to the change in local yield strength is another 
mechanism that may influence the results. 
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(a) 
 
(b) 
Figure 6.8 Experimental and analytical fatigue crack growth rates vs. stress intensity factor 
range (dα/dN-ΔΚ) in material with (a) positive and (b) negative strength gradient. The 
analytical results were obtained for rc=1.291x10
-6
 m for T3 material. 
 
6.2 Fatigue crack growth analysis in 2024 AA friction stir weld 
In this paragraph the simulations for the configurations FSW#1, FSW#2 and FSW#3 are 
presented. The variation of the cyclic strain hardening exponent n΄ at the crack front (using 
the calculation path shown in Figure 6.7), was determined from the actual microhardness 
gradients for FSW#1 and FSW#3 configurations (Figure 6.9). The inclusion of residual 
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stresses in the simulation makes the use of parameter U in equation (5-26) necessary. After 
fitting the experimental dα/dN-ΔΚ curve for T3 material using equation (5-26), the new rc 
value is 4.004x10
-6
 m which is 2.1 times larger than the value without the effect of residual 
stresses, but in the same order of magnitude. The properties of equation (5-26) were taken 
from 2024 T3 material.  
  
Table 6.5 Parameter values of equation (5-26) used for fatigue crack growth prediction in 
FSW 
Parameter 
rc (m) 
Coffin Manson  
exponent c 
Coffin Manson 
parameter  εf΄ 
critical stress intensity 
factor  Kcr (MPam
1/2
) 
Young’s modulus 
E (GPa) 
Poisson 
ratio ν 
4.004x10
-6
 -0.7 0.13 60 73.1 0.33 
 
 
(a) 
 
(b) 
Figure 6.9 Hardness and yield strength profiles of specimens (a) FSW#1 (b) FSW#3 
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The residual stress distribution at the front of the crack for FSW#1, FSW#2 and FSW#3 is 
approximated with a linear fitting using a symmetric profile with respect to the weld line as 
shown in Figure 6.10.  
 
Figure 6.10 Longitudinal residual stress distribution measured in the welded panel 
(75x72mm) without notch. The linear approximation is presented with the dotted line. 
 
In Figures 6.11a-c the residual stress distribution at the crack path for configurations 
FSW#1, FSW#2 and FSW#3 is presented. The distribution accounts for the stresses that 
would exist along the crack plane if the crack was not there and was used to calculate the 
stress intensity factor Κres. The variation in Reff has been approximated with a polynomial 
regression analysis (Figure 6.12a-c). In FSW#1 (Figure 6.12a), Reff continuously increases 
with crack length between the values 0.05 and 0.3. In FSW#2 and FSW#3, the high tensile 
residual stresses along the crack plane lead to higher Reff values compared to FSW#1. Also, 
Reff decreases after a certain crack length due to the decrease of residual stresses as shown in 
Figures 6.11b and 6.11c.  
 
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 09:28:38 EET - 137.108.70.7
88 
 
 
(a) 
 
(b) 
 
(c) 
Figure 6.11 Stress distribution σres(x) at the crack path (a) FSW#1 (b) FSW#2 (c) FSW#3. 
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(a) 
 
(b) 
 
(c) 
Figure 6.12 Variation of effective stress ratio with regard to the crack length (a) FSW#1, (b) 
FSW#2, (c) FSW#3. 
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The analytical predictions of Figure 6.13 are conducted without taking into account the 
weld microstructure and show the ability of the model to consider the effect of residual 
stresses. In FSW#1, which has the lowest Reff values, the fatigue crack growth rates are lower 
than FSW#2 and FSW#3.  
 
 
Figure 6.13 Prediction of fatigue crack growth in FSW#1, FSW#2 and FSW#3 considering 
only the effect of residual stresses. 
 
The analytical predictions accounting for both residual stresses and weld microstructure 
are compared with experimental data in Figures 6.14-6.16. Also, in Figures 6.14-6.16 each 
effect is separately plotted for better understanding.  
In FSW#1 using only residual stresses, the simulation overestimates FCG rates (Figure 
6.14). By accounting in the analysis also for the weld microstructure (local property variation 
via parameter n΄) the behavior is corrected and crack growth rates compare well with the 
experiment. The crack plane is subjected to a low tensile residual stress field (Figure 6.11a) 
and therefore the effect of microstructural variation is significant (Figure 6.9a). 
 
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 09:28:38 EET - 137.108.70.7
91 
 
  
Figure 6.14 Prediction of fatigue crack growth of FSW 2024 AA, case FSW#1. 
 
In FSW#3 using only the effect of residual stresses, the prediction agrees well with the 
experiment (Figure 6.15), which indicates that microstructural influences are diminished due 
to the dominant effect of high tensile residual stresses (Figures 6.11c and 6.12c).  
 
 
Figure 6.15 Prediction of fatigue crack growth of FSW 2024 AA, case FSW#3. 
 
In FSW#2, again, considering only the residual stresses, the prediction agrees well with 
the experiment (Figure 6.16). Here, the high tensile residual stress field that exists in the crack 
plane (Figure 6.11b) leads to high Reff values (Figure 6.12b), and is the major parameter 
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controlling FCG. Analytical results considering the effect of the weld nugget’s microstructure 
on FCG, which is relevant in this case, are not available. However, the magnitude of tensile 
residual stresses renders the weld nugget influence not significant as obtained from Figure 
6.16. 
 
 
Figure 6.16 Prediction of fatigue crack growth of FSW 2024 AA, case FSW#2. 
 
The analytical results show that the proposed model has the ability to predict satisfactory 
the experimental FCG rates in the weld region for a mode I crack propagation problem. The 
dominant factors influencing crack growth rate are the magnitude of residual stresses and the 
position of the crack inside the weld region. Using the dα/dN-ΔΚ results of Figures 6.14-6.16 
and residual stress profiles of configurations FSW#1, FSW#2 and FSW#3 in Figure 6.11, a 
threshold for the effective stress ratio Reff can be obtained, signifying when the influence of 
residual stresses is the dominant factor on FCG rate. For a residual stress profile with an 
effective stress ratio higher than 0.3, the major influence on FCG are the residual stresses 
(Figure 6.17). For effective stress ratio values lower than 0.3, solely the effect of residual 
stresses cannot predict accurately the FCG behavior and the microstructural influence must 
also be considered. The above observations are valid for the ΔΚ range examined in the 
present analysis (11-25MPam
1/2
). 
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Figure 6.17 Reff threshold showing the importance of residual stresses on FCG in the 
present analysis. 
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Chapter 7: Conclusions & Recommendations for further study  
In the pursuit of attractive solutions to achieve lighter and low cost airframes in aircraft 
industry, the use of advanced welding concepts for the “Integral Structure” or “Rivet-Free” 
aluminum alloy airframes has been considered as a promising technology. Lighter and cost 
efficient new airframes can be produced with the use of advanced welding technologies such 
as friction stir welding (FSW) and development of aluminum alloys with improved 
performances. Already for conventional riveted joints extensive amount of knowledge has 
been accumulated in the damage tolerance analysis (fatigue crack initiation and growth, 
residual strength aspects etc.). In this work, new results are provided for the damage tolerance 
behavior in 2024 T3 aluminum alloy FSW and an analytical model is proposed for prediction 
of mode I fatigue crack propagation perpendicular to friction stir weld.  
In the analysis the role of modified due to welding microstructure and residual stresses on 
fatigue crack propagation rate has been assessed. The influence of weld microstructure on 
FCG was examined by simulating the HAZ microstructure in a parent 2024 T3 material with 
appropriate overaging treatment. The basic conclusions resulting from the experimental 
investigation in the thesis are the following: 
• In the uniformly overaged material fatigue crack growth rates were lower compared to 
the base metal and were associated with high crack closure levels. Lower fatigue crack 
growth rates were associated with higher overaging temperatures corresponding to 
HAZ regions approaching the weld nugget. 
• The uniformly overaged material exhibits superior LCF behavior and increased cyclic 
strain hardening compared to the base metal (2024 T3 alloy) that is associated with 
higher levels of crack closure compared to the base alloy. 
• Low tensile residual stresses prevail in the boundary of BM with HAZ, which result in 
low fatigue crack growth rates. 
• High tensile residual stresses prevail in the weld nugget, which result in high crack 
propagation rates. 
 
In the analytical part of the thesis, a model was developed for fatigue crack propagation 
prediction in the FSW under mode I loading. The proposed model takes into account the 
combined effect of weld microstructure and residual stress profile for the calculation of 
fatigue crack growth rate. Evaluation of the model was made by comparing the analytical 
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predictions with experimental data. The main findings that resulted from the analytical 
investigation are: 
• The proposed analytical model has the ability to predict satisfactory the fatigue crack 
growth behavior inside the FSW region considering the independent effect of weld 
microstructure and residual stresses on fatigue crack propagation. 
• In the proposed model an attempt is made to give a physical meaning for the 
increment of the growing fatigue crack. It is correlated quantitatively to the striation 
spacing observed experimentally during fatigue crack growth. 
• An effective stress ratio threshold is estimated for the specimen and loading 
configuration examined, which indicates when the effect of residual stresses is 
dominant on fatigue crack propagation and when microstructural influences should be 
accounted for in the analysis.  
• For the configuration examined, the residual stress field plays the dominant role on 
fatigue crack growth in the weld when the effective stress ratio is higher than 0.3. For 
lower values, the weld microstructure needs to be taken into account for fatigue crack 
growth prediction.  
 
7.1 Recommendations for further study 
In this paragraph, some aspects recommended for further study in the field of damage 
tolerance behavior of aluminum alloy friction stir welding are presented in brief. They 
include: 
• More detailed investigation of the influence of the weld nugget microstructure on 
fatigue crack propagation. 
• Investigation of the combined influence of cyclic hardening effect and residual 
stresses due to crack tip plasticity on crack growth rate, and how these mechanisms 
interact. 
• Calculation of the redistribution of residual stresses during crack propagation in the 
weld region. 
• Application of the model to other material types, different welding parameters, or 
fracture modes in order to evaluate its ability to predict different experimental cases.  
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